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ABSTRACT
This thesis undertook a series of investigations to explore the relationship between limb
velocity, task failure and strength development. It was considered that task failure and
high exercise volumes may not be necessary for strength development when heavy
loads and rapid movement velocities are used. Within this thesis, heavy load, 80-85% of
one repetition maximum (1RM), elbow flexion-extension muscle contractions were
performed during rapid lengthening-shortening, rapid shortening and traditional
resistance exercise in each of the investigations presented within this thesis. In Chapter
Two, root mean square activity during rapid lengthening-shortening was greater in the
first (~23%), second (~29%), and third (~23%) contraction, when compared to rapid
shortening and traditional resistance exercise. Inter-subject variability was investigated
during 4 weeks of standardised resistance training in Chapter Three. Significant
differences in 1RM strength (~25% and ~10%) and biceps brachhi root mean square
(~30% and ~2%) were observed between high- and low- responders respectively. Initial
1RM was identified as the dominant source of variance. Dominant (Chapter Four) and
contralateral (Chapter Five) adaptations were then examined during a 12-week
resistance training intervention. In this thesis, we observed that the inclusion of elevated
exercise volumes and task failure during traditional resistance exercise was not
necessary for dominant limb 1RM and MVC strength adaptation. In contrast,
contralateral MVC strength only increased after rapid lengthening-shortening (~23%)
and traditional resistance exercise (~14%), although contralateral 1RM strength gains
(14.5%) were similar between all groups. Within this investigation, root mean square
activity in the contralateral biceps brachii did not explain the observed strength increase
in any group. This observation, suggests that cortical adaptation may be responsible for
the increase in contralateral strength.
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CHAPTER ONE:
THE ACUTE AND CHRONIC RESPONSE
OF SKELETAL MUSCLE TO RESISTED
EXERCISE

1

1.0 INTRODUCTION
Mammalian skeletal muscle displays an extraordinary ability to adapt in order to meet
external environmental demands. This adaptation is achieved via changes in skeletal
muscle structure and function, that in combination modify force production capabilities
(Fluck & Hoppeler, 2003). However, these adaptations are primarily dependent upon
exposure to external stimuli. For example, it is well established that maximal force
production in a single repetition is enhanced when skeletal muscle is chronically
exposed to routine and relatively heavy external loading, typical of resistance-based
exercise (Anderson & Kearney, 1982; Campos et al., 2002; Hakkinen et al., 1985; Moss
et al., 1997). However, significant increases in muscle force and the associated
adaptations, including muscle hypertrophy and increased neural activity, can be evoked
by a broad range of resistance exercise regimens (Campos et al., 2002; Higbie et al.,
1996; Jones & Rutherford, 1987; Narici et al., 1989; Van Cutsem et al., 1998). As such,
the optimal stimulus leading to an improved ability to produce force is still unknown.

Repetition maximum loading strategies were first introduced to describe the number of
repetitive muscle contractions performed with maximal exertion, prior to an
unsuccessful lift (Delorme, 1945; Delorme & Watkins, 1948). As the external load is
increased, an inverse relationship in the number of repetitions performed has been
observed (Campos et al., 2002; Hoeger et al., 1987). Consequently, resistance exercise
interventions commonly prefix repetition maximum with the number of repetitions that
can be performed prior to task failure. For example, a one repetition maximum denotes
the ability to complete only one repetition with maximal effort in the absence of task
failure. Since the introduction of repetition maximum loading regimens (Delorme,
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1945; Delorme & Watkins, 1948), task failure has become an implicit feature of
resistance exercise design, yet there is little scientific evidence to support such a model.

An isometric task performed to failure is associated with a decline in force production,
electromyographic amplitude and frequency (Moritani et al., 1986). This decline in
force production has been associated with both central and peripheral muscle fatigue
during both sustained maximal isometric contractions, and submaximal isometric and
dynamic tasks to failure (Bigland-Ritchie et al., 1986b; Gandevia et al., 1998; KentBraun, 1999). Some authors have linked the high levels of muscle fatigue associated
with task failure to strength adaptation (Drinkwater et al., 2005; Lawton et al., 2004;
Rooney et al., 1994). However, others have refuted these claims (Folland et al., 2002;
Izquierdo et al., 2006). Therefore, within this thesis we investigated the role of task
failure in elevating the force production capacity of skeletal muscle. A novel feature of
our design was the deliberate manipulation of the exercise volume via the presence or
absence of task failure.

Attempts to rapidly activate the muscle against a relatively heavy (70% 1RM) load
during the shortening (concentric) phase of contraction, have been shown to evoke
equivalent strength gains and increase muscle power, when compared to load matched,
slower muscle shortening contractions (Fielding et al., 2002). Furthermore, the
adaptation observed following relatively heavy load (80% 1RM) resistance exercise
incorporating a rapid shortening contraction, may be independent of the exercise
volume (Munn et al., 2005a). However, we are unaware of any literature that has
examined any physiological adaptation, other than the magnitude of strength gain, after
periods of resistance exercise utilising heavy loads and rapid muscle contractions. A
3

second unique aspect of our design will therefore be to examine strength adaptation,
muscle growth and neural drive, in three groups differentiated not only by the presence
or absence of task failure, but also by muscle contraction speed. A third exclusive
element in this thesis is a heavy load resistance exercise group including rapid
lengthening and rapid shortening in combination. The aim of this group is to maximise
the benefit of the stretch shortening cycle within the training program.

In the current thesis, a series of studies are presented. First within Chapter Two the
kinetic, kinematic and muscle activation properties of several different non-ballistic
upper limb heavy load exercises are assessed. The results of this investigation were
critical as they provide a physiological basis for the upper limb exercises utilised within
Chapters Three, Four and Five. Chapters Three, Four and Five are one larger
investigation divided into three phases. Strength gain and inter-subject variability after
four weeks of standardised progressive resistance exercise were assessed in Chapter
Three. By ensuring inter-subjects variability was controlled in Chapter Three, strength
adaptation of the exercised limb (Chapter Four) and non-exercised limb (Chapter Five)
could then be evaluated. Chapters Four and Five therefore, examined the effects of task
failure and muscle contraction velocity, on strength gain and the associated neural and
structural adaptations in the active and contralateral limbs. Finally, a summary of our
research findings with considerations for future research are presented in Chapter Six.

1.1 SKELETAL MUSCLE STRUCTURE AND FUNCTION
In order to understand skeletal muscle adaptation, it is first necessary to recognise the
structure of skeletal muscle as a functional unit. The acute and chronic response of
4

skeletal muscle to exercise can then be examined, and the corresponding change in
structure and function recognised.

Skeletal muscle is formed from bundles of sarcomeres comprising of the contractile
myofilaments myosin and actin, multiple sarcomere linked serially and laterally form a
myofibril, that in parallel make up a muscle fibre (Squire, 1997). The interaction of
these contractile filaments provides the basic mechanism for skeletal muscle contraction
and the movement of myosin heads is recognised as an elementary process in the
generation of force (Huxley, 1953, 1957). The thick myosin filaments sit between the
thin actin filaments and a crossbridge can be established, with the multiple heads of
myosin interacting with actin (Huxley, 1953, 1957). However, actin contains subunits of
tropomyosin and troponin that inhibit actomyosin activity in the absence of calcium
(Hartshorne & Mueller, 1967). As calcium is discharged in the sarcomere, the inhibitory
contractile protein troponin is displaced, which subsequently allows the tropomyosin
molecule to move, and the cyclical binding and dislodging of actomyosin in the
presence of adenosine triphosphate (Ebashi, 1963, 1965; Hartshorne & Mueller, 1967).

The maximal force generating capacity of skeletal muscle is however dependent upon a
number of structural characteristics of muscle, including fibre composition, crosssectional area and architectural design (Aagaard & Andersen, 1998; Aagaard et al.,
2001; Harridge et al., 1996; Maughan et al., 1983; Rutherford & Jones, 1992).

1.1.1 Muscle Structure
Human skeletal muscle fibres can be categorised into three types containing
predominantly myosin heavy chain isoforms I, IIa and IIx (Billeter et al., 1981; Pette et
5

al., 1999; Scott et al., 2001). The composition of myosin heavy chain isoforms I, IIa and
IIx are representative of the contractile ability of muscle and are commonly termed as
slow (type I), fast-twitch oxidative (type IIa) and fast twitch glycolytic (type IIx)
(Aagaard & Andersen, 1998; Billeter et al., 1981; Harridge et al., 1996). The energy
cost of contractile activity is dependent on the fibre type expression within muscle and
the mode of muscle activation. Adenosine triphosphate (ATP) interacts with myosin
providing energy for contractile activity, and the ATPase activity of myosin is increased
with the velocity of muscle shortening (Barany, 1967). A linear relationship is observed
between myofibrillar ATPase activity and isometric tension development, and the ATPcleaving rate progressively increases from myosin heavy chain isoforms I, to IIa to IIx
(Bottinelli et al., 1994). Therefore, muscle fibres containing predominantly myosin
heavy chain IIx have the greatest shortening velocities and potential to develop tension
(Eberstein & Goodgold, 1968; Harridge et al., 1996; Larsson & Moss, 1993).
Specifically, the maximum shortly velocity and rate of tension development within
muscle fibres possessing myosin heavy chain IIa and IIx, can be up to four and six times
greater respectively when compared to myosin type I isoforms of the same muscle
group (Harridge et al., 1996). Thus, the maximal force production capacity of skeletal
muscle is related to the expression of the myosin heavy chain II isoform (Aagaard &
Andersen, 1998; Bottinelli et al., 1994). A transition in myosin gene expression is
observed following periods of physical activity and the myosin IIx isofrom is perhaps
most responsive to changes in contractile activity (Andersen & Aagaard, 2000;
Hortobágyi et al., 2000). Resistance exercise has been shown to stimulate a transition,
most notably, a decrease in myosin heavy chain IIx and increase in IIa (Adams et al.,
1993; Andersen & Aagaard, 2000). However, no direct correlation is observed when
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examining myosin heavy chain alterations and changes in muscle strength following 6
weeks of resistance exercise (Carroll et al., 1998).

Structural adaptations in skeletal muscle may occur via an increase in the diameter
(hypertrophy) and number (hyperplasia) of muscle fibres. An increase in either fibre
number or fibre size may elevate the maximal force production capacity of skeletal
muscle by increasing the number of potential crossbridge interactions (Fitts et al.,
1991). Of these two mechanisms and increase in fibre size (hypertrophy) is recognised
as the dominant structural adaptation to resistance training in humans (Gollnick et al.,
1981; MacDougall, 2003; MacDougall et al., 1984; McCall et al., 1996). The relative
cross-sectional area of muscle has correspondingly been shown to correlate with the
ability to generate force (Close, 1972). Furthermore, fast-twitch muscle fibres (type IIa
and IIx) appear most responsive to resistance exercise (MacDougall et al., 1980; McCall
et al., 1996). This is significant as the force generating capacity of muscle fibres
expressing the IIa and IIx isoform can be 20-30% greater than those containing
primarily type Ia isoforms (Bottinelli et al., 1999; Widrick et al., 2002).

Magnetic resonance imaging (MRI) is the preferred method to quantify muscle area.
The MRI images can be recorded at any point along a muscles length by slicing muscle
fibres perpendicular to the limb and represent the anatomical cross-sectional area of
muscle with an error of <1% (Mitsiopoulos et al., 1998). There is however considerable
inter-individual variability with respect to the force generating capacity of muscle and
its anatomical cross-sectional area (Maughan et al., 1983, 1984). The physiological
cross-sectional area of a muscle is determined via a cross-sectional measurement at a
right angle to the muscle fibres and provides a more accurate representation of a
7

muscles force producing capability by considering the architectural arrangement of the
muscle fibres (Aagaard et al., 2001; Narici et al., 1992; Rutherford & Jones, 1992).

The architectural characteristics of skeletal muscle vary considerably, but can be
crudely classified as either parallel or pennate. Parallel muscle fibres project in line with
the force-generating axis, whereas pennate fibres are organised in an angular
arrangement relative to the force-generating axis (Lieber & Friden, 2000). The oblique
arrangement of muscle fibres observed in pennate muscle allows a greater number of
muscle fibres to be packed within a given area, increasing the muscle’s physiological
cross-sectional area and thus the ability to produce force (Kawakami et al., 1998; Zajac,
1992). In contrast, the parallel arrangement of fibres with respect to the force generating
axis of muscle such as that observed in the biceps brachii, permits a greater change in
length and as a consequence of sarcomeres linked in series, consequently the potential
for the muscle to shorten at high velocity is increased (Lieber & Friden, 2000; Lieber et
al., 1992; Zajac, 1992).

The ability to produce force is therefore directly related to muscle composition, size and
arrangement of fibres. However, without neural activation, force production would not
occur.

1.1.2 Neural control
Movement is processed and coordinated within regions of the motor cortex, notability,
the cerebellum, midbrain and cerebral cortex, and a direct relationship is observed
between the extent of muscle activity and processing within the motor cortex (Dai et al.,
2001). Muscle force is graded via the activation of motor units. A motor unit is
8

comprised of a motor neuron cell body, its dendrites, axon and each of the innervated
muscle fibres. Motor neurons located in the spinal cord receive descending command
signals and provide stimulation to activate the appropriate muscle groups to contract as
desired (Kelly & Dodd, 1991). Dendrites carry signals from the central nervous system
and send synaptic information to one another. Synaptic input excites a motor neuron
and upon surpassing the resting membrane potential, a large electrical signal known as
an action potential is carried along the axon to the projecting motor nerve endings,
before terminating at a neuromuscular junction within the muscle fibre. The arrival of
an action potential stimulates the release of calcium from the sarcoplasmic-endoplasmic
reticulum, and in the presence of energy provided by adenosine triphosphate, a
crossbridge interaction between the actin and myosin filaments occurs (Adelstein &
Eisenberg, 1980; Ebash, 1976). The delivery of an action potential is therefore a
prerequisite requirement of muscle fibre contraction. A notable increase in muscle force
is observed when recruiting a larger proportion of the available muscle mass, by
increasing the number of active motor units and the rate of action potential discharge
(Bigland & Lippold, 1954a).

The force production capabilities of muscle during dynamic movements are affected by
the mode of muscle contraction (shortening or lengthening), velocity of muscle
contraction and the level of fatigue induced. Mammalian skeletal muscle contains
mechano-receptors in muscle spindles and tendon organs that can induce an excitatory
or inhibitory response (Burke et al., 1978; Edin & Vallbo, 1990; Matthews, 1963).
Movement stimulates muscle afferent activity and effects motor unit output. For
example, spindle discharge is affected by changes in muscle length, velocity of
movement and tension as a consequence of sensory input from group Ia and III afferents
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(Burke et al., 1978; Pickar et al., 1994). Presynaptic inhibition of Ia afferents is also
reduced during voluntary contractions, allowing an increase in excitatory motoneuron
activity (Hultborn et al., 1987). Repetitive muscular contractions affect discharge of
group III and IV (metaboreceptor) afferents, and may be directly affected by the
metabolic by-products commonly associated with muscle fatigue (Rotto & Kaufman,
1988). As such, a decrease in motor unit firing as a consequence of fatigue may be
linked to an inhibitory response within the muscle spindle, golgi tendon organs or group
III-IV afferents from the exercising muscle (Bigland-Ritchie et al., 1986a; Garland,
1991; Garland & McComas, 1990). The type of muscle activation strategy used is
therefore an important consideration for strength development.

1.1.3 Muscle Activation
Isometric contractions occur as a muscle contracts and produces force in the absence of
a measurable change in muscle length. In contrast, dynamic contractions result in
movement as a muscle fibre lengthens (eccentric) and, or shortens (concentric). The
greatest force output is observed during eccentric, followed by isometric and concentric
muscle activation (Doss & Karpovich, 1965; Griffin, 1987; Singh & Kaprpovich, 1966).
However, muscle force is also dependent on muscle fibre length, this is known as the
length-tension relationship (Gordon et al., 1966). A muscle will produce maximal force
at resting length, where maximal crossbridge interaction between actin and myosin is
observed (Edman, 1966; Gordon et al., 1966). However, in lengthened or shortened
muscle ranges, actin and myosin filaments are detached or overlap, which results in a
decline in force generating capacity (Edman, 1966; Gordon et al., 1966). The velocity at
which a muscle contracts affects force output differentially during lengthening and
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shortening. For example, force increases with contraction velocity during lengthening,
but decreases during shortening (Hill, 1938; Komi, 1973; Westing et al., 1991).

Although the precise mechanism is yet to be established, sequential rapid lengthening
and shortening muscle contractions in a stretch shortening cycle is recognised as a
mechanically efficient form of dynamic movement (Finni et al., 2001; Kawakami et al.,
2002; Komi, 2000). A significant increase in the force developed at the onset of a
stretch shortening movement has been associated with elevated limb velocity (Bobbert
et al., 1996). Increasing the velocity of muscle lengthening prior to active shortening
may potentiate the contractile apparatus, leading to a shift in the force-velocity curve
towards higher values (Edman et al., 1978; Ettema, 1996). In addition, the central
nervous system may modulate muscle activity differently during stretch shortening
cycle muscle activations. Some authors have attributed these differences to an excitatory
spinal reflex mechanism that serves to modulate changes in length and force during a
muscle stretch, and in response to a high velocity stretch, may increase afferent input to
ά-motoneurons demonstrated by short latency electromyographic activity (Dietz et al.,
1981; Houk et al., 1981). However, others have observed peak electromyographic
activity

alongside

low

H-reflexes

responses,

suggesting

that

the

elevated

electromyographic activity did not originate form a spinal reflex (Dyhre-Poulsen et al.,
1991). Alternatively, many of the changes observed during stretch shortening cycle
muscle activation have been attributed to the storage and release of elastic energy.
During muscle lengthening energy is absorbed in the passive and active skeletal muscle
components prior to cross-bridge detachment (Flitney & Hirst, 1978). However of
these two components it appears, energy is most effectively stored within the more
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compliant passive components of skeletal muscle and subsequently, is most effectively
transferred to assist in muscle shortening (Ettema, 1996).

Stretch shortening muscle activations are common in human movement and can be
observed during locomotive activities such as walking, running, skipping and hoping
(Komi, 2000). Humans can however inherently control the velocity at which a muscle is
able to contract relative to the inverse relationship between shortening velocity and the
external resistance imposed. Therefore if attempts are made to accelerate an external
mass and perform high velocity movements during resistance exercise, the velocity of
muscle contraction may be increased thus, we are able to manipulate force output as
demonstrated by the formula below.

Equation one: f = m × a

where:
f

= Force (N),

m

= Mass (kg),

a

= Acceleration (m·s-2)

1.2 ACUTE SKELETAL MUSCLE RESPONSE TO EXTERNAL RESISTANCE
Resistance exercise leads to an acute response in skeletal muscle observed during, or
shortly after the period of muscular activity, which can affect the structural components
of muscle and the relevant neural activation pathways. The demand for force
production, which is typically the result of the external resistance imposed, level of
12

muscle fatigue induced, and the velocity at which contractions are performed, can
impact upon the acute response observed. Each will be considered in the following
section.

1.2.1 Structural response
Muscle force is strongly correlated with muscle size (Maughan et al., 1983). Increasing
the rate of protein synthesis, significantly increases the capacity of skeletal muscle to
grow (Millward et al., 1976). Protein synthesis is increased immediately after a bout of
resistance exercise and remains elevated for a period of 24 to 48 hours (Chesley et al.,
1992; MacDougall et al., 1995; Phillips et al., 1997). Protein synthesis is up-regulated
via the signalling pathways represented in Figure 1.1 and a description of the events that
can lead to protein synthesis follows.

Activation of the mammalian target of rapomyocin (mTOR) is perhaps the most
significant signalling event leading to muscle growth (Bodine, 2006). Resistance
exercise leads to an increase in mTOR activity within two hours (Dreyer et al., 2006).
The Akt-mTOR pathway is downstream of many other intramuscular signalling events,
and IGF-1 is considered a key hormone in mTOR signalling (Adams & Haddad, 1996).
An external resistance increases both systemic and local IGF-1 production (Haddad &
Adams, 2002; Kraemer et al., 1991; Kraemer et al., 1990). In addition, other systemic
hormones may activate Akt-mTOR, for example, growth hormone activates Akt via the
JAK2 - PI-3K – MAPK pathway (Kilgour et al., 1996).

Hormone secretion may be stimulated as the intensity of resistance exercise increases
and circulating levels of growth hormone, increase with the intensity of resistance
13
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Figure 1.1. Intramuscular signalling events leading to protein synthesis.
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= inhibition of protein degradation. 4E-BP1= eukaryotic initiation factor 4E binding protein-1; Akt = protein
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kinase B; AMPK= adenosine monophosphate-activated protein kinase; AR= androgen receptor; GH= Growth hormone; IGF-1= Insulin like
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growth factor-1; JAK= janus kinase; MAPKs= mitogen-activated protein kinases; mTOR= mammalian target of rapomyocin; PI-3K=
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phosphatidylinositol-3 kinase; p70S6K= 70 kDa ribosomal protein S6 kinase. Adapted from data presented by Spiering et al. (2008).
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exercise (Pritzlaff et al., 1999). The optimal hormonal stimulus is complicated by the
many variables which can affect the intensity of resistance exercise. Consequently,
reports of no difference in hormone secretion between heavy and moderate loading
(Raastad et al., 2000), and significant differences in serum growth hormone
concentrations which favour both heavy (Linnamo et al., 2005) and moderate loading
(Kraemer et al., 1990), are observed within the literature. The investigations of Raastad
et al. (2000), Linnamo et al. (2005) and Kraemer et al. (1990) cannot however be
directly compared, as although relatively heavy and lighter resistance loads were
evaluated within each of these experiments, the relative magnitude of this loading was
not consistent across the three interventions. In addition, the total volume of exercise
(repetitions and sets performed) and the period of rest applied between the sets also
differed between these interventions. The differences in hormone secretion observed
may therefore have been influenced by a number of these variables, either in isolation or
in combination.

It is recognised that load induced IGF-1 secretion leads to AKt-mTOR signalling
(Adams, 2002). However, systemic hormone release may not be required for
compensatory muscle growth as observed from experiments that induced work related
growth in hypophysectomised rats (Goldberg, 1967). Furthermore, two recent studies
have emphasized two important points; i) muscle growth in humans can occur in the
absence of any increase in circulating concentrations of growth hormone, testosterone
and IGF-1 (Wilkinson et al., 2006), and ii) increased systemic anabolic hormone
secretion does not enhance the rate of protein synthesis (West et al., 2009).
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Local secretion of IGF-1 is highlighted during the mechanical overloading of skeletal
muscle in hypophysectomised rats, with restricted systemic production of IGF-1
(Adams & Haddad, 1996). Direct activation of AKt-mTOR is also observed if skeletal
muscle is subjected to a mechanical stimulus during muscular contractions, despite the
absence of a functioning IGF-1 receptor (Spangenburg et al., 2008). A load-induced
stimulus for intramuscular signalling thus appears present. The likelihood of load
dependent activation of mTOR is also supported by observations of an increase in
mTOR activity following high-, but not low-frequency electrical stimulation, and load
dependent activation of Akt-mTOR via MAPK (Atherton et al., 2005; Martineau &
Gardiner, 2001; Parkington et al., 2003).

Signalling of mTOR and p70s6k is also influenced by the muscle activation strategy
employed (Cuthbertson et al., 2006). Heavy load eccentric contractions stimulate p70s6k
phosphorylation and increase concentrations of IGF-1 (Bamman et al., 2001; Eliasson et
al., 2006). These reports suggest that muscle lengthening, effectively stimulates cellular
signalling events that may increase the rate of protein synthesis. Muscle growth is
however dependent on the net protein balance, calculated as the difference between the
rate of synthesis and breakdown, both of which are increased after resistance exercise
(Biolo et al., 1995).

Unaccustomed eccentric exercise typically is used to cause muscle damage, evidenced
by sarcomere disruption and an increasing concentration of intracellular proteins
(Newham et al., 1987; Newham et al., 1983; Stauber et al., 1990). Muscle damage after
resistance exercise can be measured indirectly by the perceived level of muscle soreness
and directly by an elevation in serum creatine kinase activity (Clarkson & Tremblay,
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1988; Nosaka et al., 2002). Furthermore, eccentric muscle contractions performed at a
high velocity have been observed to elevate extracellular markers of muscle damage and
subjective ratings of muscle soreness, contributing to marked decrements in the force
production capacity of the muscle (Chapman et al., 2006). Stretch shortening cycle
movements incorporate rapid concentric and eccentric muscle activations, and extensive
myofibrillar injury via myofiber degeneration and necrosis has been observed following
this form of exercise (Geronilla et al., 2003). The eccentric phase of stretch shortening
cycle muscle activations may therefore lead to similar structural changes within the
skeletal muscle tissue. However, subsequent bouts of eccentric exercise do not
exacerbate similar levels muscle damage cellular responses, suggesting a significant
adaptive response to repeated bouts of eccentric muscle activation (Brown et al., 1997;
Nosaka & Clarkson, 1995). Furthermore, the net protein balance is similar after isolated
concentric and eccentric contractions (Phillips et al., 1997). It is not clear therefore, if
the breakdown of muscle tissue associated with muscle damage, directly influences
protein balance and consequently growth, within skeletal muscle.

1.2.2 Neural drive
Skeletal muscle fibres are activated when an action potential is propagated from the
motor neuron, along the axon to the innervated muscle fibres (Basmajian & De Luca,
1985). Electromyography can be used to provide an electrical manifestation of
neuromuscular activity, detecting the electrical current generated via electrodes and
providing data in the shape of a waveform representing the potential, voltage and
current, which can expressed as the shape, amplitude and time duration of the signal
(Basmajian & De Luca, 1985). The extracellular waveform of the action potential
recorded via an electromyogram, is representative of motor unit activity within the
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activated skeletal muscle fibres under detection (Dumitru, 2000; Krnjević & Miledi,
1958).

The amplitude of the electromyographic (EMG) signal has been shown to reflect net
motor unit activity and changes with the number of activated motor units, size and rate
of discharge (Suzuki et al., 2001). In addition, the EMG frequency signal has been
shown to correlate with muscle fibre conduction velocity, and reflect the discharge
behaviour of motor units (Arendt-Nielsen & Mills, 1988; Arendt-Nielsen et al., 1989).
A change in EMG amplitude and frequency has correspondingly been interpreted to
represent modification in efferent neural drive (Bigland-Ritchie et al., 1983; Higbie et
al., 1996; Moritani & DeVries, 1979; Narici et al., 1989). However, surface
electromyographic recording techniques do not provide information relating to the
discharge and recruitment properties of single motor units, and are instead considered a
global representation of motor unit activity (Farina et al., 2004). In the context of the
current thesis, neural drive is therefore used to describe the summation of electrical
activity within active muscle fibres, representative of neural activation. Neural
adaptation, in context, reflects any measurable change in the electrical activity of
muscle, and presumably therefore a change in neural activation.

If the aim is to interpret neural activation strategies from EMG amplitude and frequency
data, the error associated with these measures must be considered, this is particularly
relevant when examining surface EMG data during dynamic movement (Farina, 2006;
Farina et al., 2004). The accuracy of EMG data can however be increased, if one
considers those factors that influence the signal when preparing a muscle and careful
consideration

is

given

to

electrode

placement
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prior

to

EMG

recording

(Hermens et al., 2000). 1

To achieve maximal muscle activation, all motor units of the activated muscle must be
recruited, and they must discharge at maximal frequencies (Belanger & McComas,
1981). Complete motor unit activation is possible via voluntary effort in tasks that
require maximal force production and is particularly evident in small muscles (Belanger
& McComas, 1981; Merton, 1954). An increase in motor unit activity elevates force
production and it has been shown that heavily loaded tasks significantly increase the
number of active motor units and their rate of discharge (De Luca et al., 1982; Del Valle
& Thomas, 2005; Kukulka & Clamann, 1981; Milner-Brown et al., 1973a). Resistance
exercise must therefore consider the correlation observed between the external load,
motor unit recruitment and rate of motor unit discharge (Moritani & Muro, 1987). The
increase in muscle force is predominantly dependent on motor unit discharge (Moritz et
al., 2005). Motor unit discharge rates typically begin at a frequency of 8-12
impulses·sec-1 (8-12 Hz) and as the requirement for force production increases, rates in
excess of 50 impulses·sec-1 have been reported (Kamen et al., 1995).

Motor unit discharge is also elevated during rapid muscle activation (Desmedt &
Godaux, 1977, 1978). As discussed earlier in this thesis, motor unit activity is
influenced by afferent feedback mechanisms as changes in length, tension and velocity
occur (Burke et al., 1978; Pickar et al., 1994). Correspondingly, the velocity of muscle
contraction can influence the level of neural drive achieved during a submaximal
dynamic muscle activation (Gandevia et al., 1998).

1

Chapter two will discuss the limitations of EMG data and will highlight the recommended collection
procedures in more detail.
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During submaximal isometric tasks, complete motor unit recruitment is not however
required to achieve the target force output (Garland et al., 1994). Submaximal isometric
tasks that require the target force output to be sustained, evoke a pattern of orderly
motor unit recruitment, beginning with the smallest (lowest threshold), through to the
largest (highest threshold) motor units as efferent neural drive increases (Desmedt &
Godaux, 1978; Henneman et al., 1965; Ivanova et al., 1997; Milner-Brown et al.,
1973b). Thus, a submaximal task performed to failure may illicit maximal motor unit
recruitment and discharge rates. However, if the extended muscular performance leads
to a decrease in sustained force production, a corresponding decline in neural efferent
drive is observed as motor units are de-recruited and discharge rates lowered (ArendtNielsen & Mills, 1988; Arendt-Nielsen et al., 1989).

A reduction in the threshold required to activate motor units is observed during dynamic
muscle contractions, yet an orderly pattern of motor unit recruitment is preserved
(Ivanova et al., 1997; Linnamo et al., 2003; Tax et al., 1989). However, distinct
differences in motor unit activity are observed during the isolated shortening and
lengthening phases of movement. The tension developed during a muscle contraction, is
the sum of tension developed from active (muscle fibre activation) and passive (e.g.
tendon, fascia) components of muscle (Ralston et al., 1947). Tension is significantly
elevated in the passive components during eccentric muscle activation (Ralston et al.,
1947). The increase in passive tension is reflected by a progressive decline in EMG
activity detected in the active components of skeletal muscle (Komi et al., 2000b;
Moritani et al., 1987; Pasquest et al., 2006). Consequently, EMG activity during
eccentric contractions is lower than that observed during force matched concentric
contractions (Tesch et al., 1990; Westing et al., 1991). The preferential recruitment of
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fast twitch motor units may however occur during eccentric contractions (Nardone et
al., 1989). An increase in the activity of fast twitch motor units may therefore directly
contribute to the increased force output that is observed during eccentric contractions.

Concentric muscle activation has a direct relationship with the magnitude of external
load and force output required (Moritani & Muro, 1987). Consistent with the increased
force output during a rapid contraction, rapid concentric muscle activation is associated
with enhanced motor drive, evident as a reduction in motor unit recruitment thresholds
and elevated rates of motor unit discharge (Desmedt & Godaux, 1977, 1979; Grimby &
Hannerz, 1977). Skeletal muscle displays the greatest capacity to shorten at high
velocities during resisted dynamic contractions when the external resistance is low. In
contrast the capacity to rapidly move a limb is reduced when the external resistance is
increased (Hill, 1938). Relatively light load resistance exercise performed at a high
velocity of movement has been shown to elicit the same EMG amplitude and increase
EMG frequency compared to heavily loaded tasks performed at slower movement
velocities (Linnamo et al., 2000b). However movement of the limb is not always
necessary in order to increase muscle activation. For example an increase in motor unit
activity was observed by Desmedt and colleagues (1977, 1979) during isometric
contractions when subjects executed the contraction with the intent to rapidly move the
limb. The rapid movement of the limb may therefore not be a prerequisite stimulus to
increase motor unit activity. Thus, decreased rates of motor unit recruitment and
increased rates of motor unit discharge may occur during heavy load rapid movements,
which would imply that motor units may reach maximal activation prior to task failure.

21

1.3 CHRONIC ADAPTATIONS TO RESISTANCE EXERCISE
Repeated participation in resistance based exercise, leads to a chronic muscle adaptation
that can be considered as a change in the physiological characteristics of muscle that
enhance force output. The adaptation is influenced by the exercise stimulus and
differences are evident as a consequence of load, fatigue and velocity. An analysis of
chronic skeletal muscle adaptation considering these variables will be highlighted in the
following Section, providing justification for the experimental Chapters presented in
this thesis.

1.3.1 Structural adaptation
Skeletal muscle is a plastic tissue able to adapt via structural remodelling in order to
meet environmental demands (Guth & Yellin, 1971). This remodelling occurs following
repetitive resistance training. For example, an apparent fibre type conversion via an
increase in the expression of type IIa and concurrent decline in fibre type IIx is observed
following resistance exercise (Adams et al., 1993; Roy et al., 1997; Staron et al., 1984).
The architectural characteristics of muscle may also adapt, as an increase in pennation
angle in both lower (vastis lateralis) and upper (triceps brachii) limb muscle groups has
been observed following up to 16 weeks of heavy load (<10 RM) resistance exercise
(Aagaard et al., 2001; Kawakami et al., 1995). Furthermore, muscle size and pennation
angle have been observed to be ~50% greater in hypertrophied versus untrained muscle
(Kawakami et al., 1993).

An increase in the size of existing skeletal muscle fibres (hypertrophy) is the most
noticeable feature of structural remodelling resulting from prolonged participation in
resistance exercise, with limited evidence of any increase in fibre number (hyperplasia)
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in humans (Andersen et al., 2005b; Kraemer et al., 1995; McCall et al., 1996; Staron et
al., 1994).

Mechanical loading is the primary means with which skeletal muscle cross-sectional
area increases. Thus, skeletal muscle adaptation appears to be determined in part by the
magnitude of the external load. For example, external loads lighter than 60% 1RM,
have failed to elicit comparable muscle hypertrophy or effect myosin heavy chain
composition, even when matched for the total volume of exercise performed during
heavier relative loading (Campos et al., 2002; Holm et al., 2008). In contrast, loading in
advance of 65% 1RM is associated with a significant increase in muscle cross-sectional
area and myosin heavy chain transformation (Andersen et al., 2005b; Kraemer et al.,
1995; Staron et al., 1994). These adaptations may also be dependent upon the mode
(isometric, concentric or eccentric) of muscle activation. (Doss & Karpovich, 1965;
Griffin, 1987; Singh & Kaprpovich, 1966)

In humans, muscle hypertrophy is observed after repetitive isometric, eccentric,
concentric and stretch shortening cycle exercise (Higbie et al., 1996; Jones &
Rutherford, 1987; Malisoux et al., 2006). However, greater relative gains in muscle
cross sectional area following isolated eccentric, versus concentric exercise (Higbie et
al., 1996; Seger et al., 1998; Vikne et al., 2006). The preferential muscle growth
observed following eccentric exercise is consistent with acute increases in

p70s6k

phosphorylation and IGF-1 secretion during this mode of muscle activation (Bamman et
al., 2000; Eliasson et al., 2006).
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As discussed in Section 1.2.1 of this thesis, muscle damage following eccentric exercise
is linked to additional muscle tension generated during the lengthening phase of
contraction (Newham et al., 1983; Stauber et al., 1990). Increasing the velocity of an
eccentric muscle contraction elevates tensile loading in skeletal muscle (Komi, 1973).
Correspondingly, high velocity eccentric exercise has been shown to elicit a greater
hypertrophic stimulus than lower velocity eccentric exercise (Farthing & Chilibeck,
2003b; Shepstone et al., 2005). Furthermore, repetitive high velocity eccentric
resistance training is associated with increased isometric and eccentric torque
production and displays an increase in the relative percentage of fast twitch, at the
expense of slow twitch fibres expressed within the muscle, adaptations that are not
observed during slow velocity eccentric exercise (Paddon-Jones et al., 2001).

Thus the evidence suggests that magnitude of relative mechanical loading and type of
muscle contraction are critical to the structural adaptations observed within skeletal
muscle.

However, structural adaptation cannot explain the relatively rapid increase in force
observed upon commencing resistance exercise regimen (Moritani & DeVries, 1979).
These observations highlight the dependency of muscle force on motor unit activation,
and the dominance of neural adaptation in the early stages of resistance exercise.

1.3.2 Neural Adaptation
The increase in force production following routine resistance training is associated with
both changes in muscle hypertrophy and modification in the activation of agonist,
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antagonist and synergist muscles (Carolan & Cafarelli, 1992; Hakkinen et al., 2000b;
Hakkinen et al., 1998; Higbie et al., 1996; Rutherford & Jones, 1986).

Resistance exercise rapidly elevates the force production capacity of muscle,
predominantly accounted for by a significant increase in motor unit activity over the
first four weeks of training (Moritani & DeVries, 1979). The dominant neural
adaptations are those that occur in agonist muscle, which appear load dependent as
highlighted by significantly increased EMG activity, when advancing external loading
to 80% of 1RM or greater (Hakkinen et al., 1985). However, as force production is the
net product of muscle activity acting about a joint, the agonist muscle does not act alone
and the simultaneous activation of antagonist and synergist muscle groups may
significantly influence force output. Prolonged periods of resistance exercise may
decrease antagonist activity, increasing force production in the desired direction
(Carolan & Cafarelli, 1992). In addition, the improvements in task performances that
are specific to the resistance training activity have been attributed to motor learning and
an increased ability to co-ordinate the relevant agonist, antagonist and synergistic
muscle groups (Rutherford & Jones, 1986). Correspondingly, neural drive may increase
within muscle synergies acting to produce force in the desired direction following
resistance exercise. For example, increases in electromyographic activity are noted
when data collected from the vastus lateralis and vastus medialis are pooled following
6-months of resistance exercise (Hakkinen et al., 2000b; Hakkinen et al., 1998).
However, investigations that have examined electromyographic activity in isolated
synergist muscle groups have observed no change (Holtermann et al., 2005).
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The muscle activation strategy employed has been shown to significantly affect acute
motor unit activity (Tesch et al., 1990; Westing et al., 1991). The acute differences in
neural activity during eccentric and concentric muscle activation do not however seem
to affect chronic adaptation, as the relative change in EMG activity after extended bouts
of eccentric and concentric exercise appears to be similar (Aagaard et al., 2000; Higbie
et al., 1996; Linnamo et al., 2000a). The chronic adaptation after 12 weeks of resistance
exercise incorporating light load rapid muscle activation does however mirror the acute
response, as a decrease in motor unit recruitment thresholds and increase in motor unit
discharge is observed (Van Cutsem et al., 1998). Heavy load rapid movements may also
display the same adaptation, as although no significant between groups difference was
observed, Aagaard and others (2000) note a greater relative change in the EMG signal
after fast concentric contractions, than either fast or slow eccentric, and slow concentric
contractions.

The chronic structural and neural adaptations to resistance exercise increase the force
production capacity of muscle. The improvement in muscle strength observed during
dynamic muscle contractions id commonly represented by measurements of the
maximal external load that can be lifted once with maximal effort throughout the full
range of motion (1RM).

1.3.3 Contralateral adaptation
Increases in the force production capabilities of the inactive (contralateral) limb
following unilateral resistance exercise are also observed (Cannon & Cafarelli, 1987;
Hortobagyi et al., 1997; Shima et al., 2002). However, strength gains in the
contralateral limb do not directly mimic the adaptations observed within the trained
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limb. For example, no change in muscle cross-sectional area is observed in the
contralateral limb following resistance exercise, despite the increased force production
capabilities (Pescatello et al., 2006; Ploutz et al., 1994). Some investigations have
however reported an increase in electromyographic activity in the homologous agonist
and decease in homologous antagonist muscle (Carolan & Cafarelli, 1992; Hortobagyi
et al., 1997; Shima et al., 2002). It is thus generally agreed that contralateral adaptations
are influenced by the descending neural drive.

As discussed within this thesis, neural drive in the active limb is influenced by the
magnitude of external loading, the progressive onset of muscle fatigue, velocity and
mode (eccentric or concentric) of muscle contraction (Hakkinen et al., 1985; Henneman
et al., 1965; Moritani & Muro, 1987; Nardone et al., 1989; Van Cutsem et al., 1998).
Some authors have consequently observed strength gains and electromyographic
activity in the contralateral limb to be dependent upon the degree to which the
exercising limb is activated (Cernacek, 1961; Farthing et al., 2005).

However, the optimal stimulus for contralateral limb adaptation is not yet clear. If
contralateral strength gains were dependent on the extent of neural drive generated in
the active limb, one would expect to see greater contralateral limb strength gains
following concentric muscle contractions when electromyographic activity is greatest
(Tesch & Bjorn, 2003; Tesch et al 1990; Westing et al, 1991). However, contralateral
strength gains are greater following isolated eccentric versus concentric exercise
(Hortobagyi et al., 1997; Weir et al., 1995, 1997). Similarly, rapid eccentric
contractions in the active limb increase the strength of the contralateral limb to a greater
extent than slow eccentric contractions (Farthing & Chilibeck, 2003a). It may therefore
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be considered that contralateral adaptation is closely related to the force developed in
the active muscle. However, similar gains in contralateral limb strength have been
observed following heavy (90% 1RM) and light (15% 1RM) resistance exercise (Moss
et al., 1997).

1.4 STRENGTH ADAPTATION
The evidence presented thus far suggests that acute and chronic adaptations in the
trained limb are influenced by the magnitude of tensile force developed in the active
muscle. The evidence that suggests that heavy loading is a prerequisite requirement of
strength adaptation therefore seems well supported (Anderson & Kearney, 1982;
Campos et al., 2002; Hakkinen et al., 1985; Moss et al., 1997). Resistance exercise
interventions often advocate performance to task failure in-line with repetition
maximum loading strategies, and the muscle contraction velocity is often relatively
slow, as a consequence of heavy external loading. In the following Section, the
implications of task failure and the effects of varied muscle contraction velocities will
be discussed.

Existing research that has investigated the effects of fatigue on muscle adaptation have
utilised one of two approaches to manipulate task failure; i) variation in the interrepetition rest period (Folland et al., 2002; Rooney et al., 1994), or ii) manipulating the
number of repetitions performed within each set (Drinkwater et al., 2005; Izquierdo et
al., 2006; Lawton et al., 2004). However, despite modifications in the level of fatigue
induced across protocols, a consistent element is the maintenance of an identical total
exercise volume between each of the experimental groups.
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Each approach has also provided contrasting sets of results. For example, Rooney et al.
(1994) observed that training with no rest between repetitions resulted in strength gains
that were 15% greater than those that incorporated a 30-second inter-repetition rest
period. In contrast, Folland et al. (2002) utilising a similar methodology, observed no
significant differences in 1RM strength gain between groups incorporating interrepetition rest periods and those that perform repetitive contractions without rest. In
addition, some researchers have observed 1RM strength gains to be almost 100%
greater when the number of repetitions performed within a single exercise set was
increased (Drinkwater et al., 2005; Lawton et al., 2004). However, no significant
difference in strength gain was observed by Izquiedo et al. (2006), when comparing
those who exercised to task failure in each set and those who avoided task failure, but
increased the number of sets to match the total exercise volume.

The conflicting results within this area of the literature may be attributed to differences
in research methodology. Drinkwater et al. (2005), Lawton et al. (2004) and Rooney et
al. (1994) using a relatively short 6-week training program each observed increased
strength development as a consequence of elevated levels of fatigue. These results may
suggest that skeletal muscle adapts more favourably during resistance training regimen
when exposed to higher levels of fatigue. In contrast, Folland et al. (2002) and Izquiedo
et al. (2006) did not observe any additional strength gain with increasing levels of
induced fatigue. However these investigations did utilise a longer training regimen of 9
and 11 weeks respectively. These results may therefore suggest elevated levels of
fatigue may not provide any additional benefit during a prolonged resistance training
regimen.
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However, the manner in which training load was applied warrants further comment.
Drinkwater et al. (2005) applied a training load across a range of 85-105% of 6RM over
the six week training period, with only three sessions equal to or in advance of 100%
6RM. The high fatigue group completed four sets of six repetitions and the low fatigue
group eight sets of three repetitions. Therefore, although the completed work relative to
the number of sets performed was higher in the high fatigue group, the external load
was rarely sufficient to induce actual task failure in either group. Thus, although this
research manipulated the level of fatigue induced in each group, the relative importance
of task failure was not addressed.

In contrast, Rooney et al. (1994) compared strength gains after resistance exercise in a
group who incorporated a 30-second rest between repetitions, to those of a no-rest
group. The decline in isometric strength of the no-rest group was twice that of the interrepetition rest group, however no other measures of fatigue were utilised to confirm
differences between groups. In addition, the training program required subjects to
perform ten repetitions with a 6RM load every second week. Consequently, all subjects
in the no-rest group required assistance in order to complete the exercise set, however
Rooney et al. (1994) may also have induced task failure within the rest group using this
protocol.

More recently, the investigations of Folland et al. (2002) and Izquierdo et al. (2006)
have modified the training load in the high fatigue group only, to ensure that task failure
was reached. After the point of task failure, the load was reduced and repetitions
continued in order to complete the required number of repetitions in each set. The high
fatigue groups were therefore exposed to a decrease in external loading, which Folland
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and others (2002), report as a 3.2% decrease in the average load lifted over the duration
of the study. The difference in exercise volume between conditions may therefore have
been inversely affected by the decrease in load applied to the high fatigue group.

As the loading strategies vary considerably between the investigations of Drinkwater et
al. (2005), Rooney et al. (1994), Folland et al. (2002) and Izquierdo et al. (2006) it is
difficult to make any direct comparisons. Rooney et al. (1994), utilised an external load
in advance of 85% of 1RM, a load know to elicit significant gains in strength (Hakkinen
et al., 1985). However, Folland et al. (2002) utilised an external resistance of 75% of
1RM, Drinkwater et al. (2005) used an average load equivalent to 72% of 1RM, and
Izquierdo et al. (2006) performed a number of exercises utilising a loading range of 6085% 1RM. The resistance training loads were, as such lower than that recommended for
optimal strength adaption and may not have maximised the load dependent neural and
structural adaptations as discussed in this thesis.

Task failure may present an important stimulus for strength adaptation, increasing
neural drive as discussed in Section 1.2.2 of this thesis (Henneman et al., 1965; Ivanova
et al., 1997; Milner-Brown et al., 1973b). However, as discussed within this thesis,
structural and neural adaptations are prominent when rapid concentric, and or eccentric
muscle contractions are performed (Farthing & Chilibeck, 2003b; Paddon-Jones et al.,
2001; Shepstone et al., 2005; Van Cutsem et al., 1998). As such, within this thesis the
training regimen was modified to ensure there was a clear delineation between groups
with respect to task failure and movement velocity.
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The use of a relatively heavy load may preclude a significant increase in limb velocity
with strength gains greatest at, or close to the training velocity (Caiozzo et al., 1981;
Hill, 1938; Moffroid & Whipple, 1970). However it appears that it is the intent to
initiate a rapid muscle contraction that is most important. Behm and Sale (1993)
observed significant gains in strength during high velocity movements despite the
training regimen performed using isometric muscle activations. In light of these results
and similar gains in the rate of torque development between isometric and isokinetic
groups, Behm & Sale (1993), suggest that efferent outflow from the central nervous
system was the significant determinant of strength adaptation, rather than any input
resulting from the actual velocity of limb movement. Furthermore, the total strength
gain observed (although not significant) was greater after rapid isometric training, when
compared to high velocity isokinetic training.

Heavy load (≥70% 1RM) dynamic resistance training regimens that instruct participants
to perform rapid concentric muscle contractions also increase peak power and enhance
the rate of force development, whilst inducing similar gains in strength and muscle
cross-sectional area when compared to an identical training regimen incorporating
slower muscle contractions (Fielding et al., 2002; Young & Bilby, 1993). In addition,
an increase in electromyographic activity is observed in the initial stages of movement,
and force output is increased, when performing resistance exercise with loads of up to
100% of 1RM at high velocities (Newton et al., 1997). Heavy load explosive muscle
activation may therefore facilitate neural drive acutely, similar to that observed during
rapid movements (Desmedt & Godaux, 1979).
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It is therefore possible that resistance training utilising heavy load rapid contractions,
may decrease motor unit activation thresholds, increase rates of firing and the incidence
of doublets, adaptations that are observed following rapid relatively light load (30-40%
of 1RM) resistance exercise (Van Cutsem et al., 1998). However, there is no substantial
evidence to support this theory, as previous investigations utilising heavy load rapid
concentric resistance training, did not examine electromyographic activity (Caserotti et
al., 2008; Fielding et al., 2002; Munn et al., 2005a; Young & Bilby, 1993). In addition,
the investigation performed by Newton et al. (1997), compared two conditions which
each incorporated rapid movements; rapid lengthening-shortening and rapid shortening.
We are therefore unaware of any study that has compared motor unit activity during
slow and rapid contractions performed against an equivalent, relatively heavy external
resistance. Furthermore, despite the acute benefits of stretch shortening cycle exercise,
we are unaware of any longitudinal resistance exercise intervention, which has
incorporated a heavy load ≥
( 80% of 1RM) , in conjunction with a rapid lengtheningshortening movement.

1.4.1 Inter-subject variability
Investigations that attempt to attribute an observed adaptation to a specific stimulus
must consider, and attempt to control extraneous variables that may influence the level
of adaptation. It is well known that a significant proportion of any adaptation to a
physical exercise regimen can be attributed to the genetic characteristics of each person
(Bouchard et al., 1998; Bouchard et al., 2000; Klissouras et al., 1973). This genetic
influence is displayed in response to resistance exercise, and is illustrated by the greater
variability in adaptation observed amongst monozygotic compared to dizygotic twins
(Thomis et al., 1998a). The literature provides complementary evidence to suggest that
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differences within an individual’s genotype can influence force production. For
example, the presence of the actin binding protein ACTN3 has been associated with
athletic success and an individual’s baseline strength capability (Clarkson et al., 2005;
Yang et al., 2003). Similarly, the angiotensin converting enzyme and notably presence
of the D allele has been show to influence skeletal muscle growth and appears well
expressed in strength and power athletes (Gordon et al., 2001; Woods et al., 2001).
Individuals expressing the D allele, have correspondingly been observed as more
susceptible to strength gain in the trained and untrained limbs (Folland et al., 2000;
Pescatello et al., 2006). It is beyond the scope of this thesis to fully discuss studies that
have shown a genetic influence on muscle strength, however a recent review has
highlighted more than 30 genes and associated polymorphisms that may influence
skeletal muscle strength (Kostek et al., 2011).

Genotyping prior to commencing an exercise intervention is not practical. However,
inter-subject variability may be reduced by ensuring the characteristics of the sample
population are relatively homogenous. Commonly within the literature subjects are
matched for age, gender, physical characteristics and training experience. With regards
to the later subject recruitment criterion; training experience, a number of investigations
ensure subjects are recruited with similar exercise histories. For example, the absence of
any participation in a structured exercise regimen within the six months preceding the
study. It is well established that untrained subject groups are significantly more
responsive to resistance exercise, displaying relatively larger gains in strength and
cross- sectional area when compared to trained counterparts (Ahtiainen et al., 2003a).
However, such criterion does not commonly consider endurance or occupational
exercise histories, thus significant inter-subject variability may remain. Some
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investigations have attempted to control such variability by restricting subjects from
participating in exercise, or have applied a controlled period of exercise prior to the
experimental intervention (Campos et al., 2002; Hakkinen et al., 1998; Kraemer et al.,
1998; Newton et al., 2002; Staron et al., 1994; Staron et al., 1991). Such methodology
attempts to normalise physical activity patterns across the cohort under investigation.
However, the success of these methodological techniques in controlling inter-subject
variability has never been formally examined. Most commonly the experimental design
ensures subjects are distributed across groups to ensure the baseline strength capabilities
of each group are similar (Cribb et al., 2007; Folland et al., 2002; Kraemer et al., 2004;
Moss et al., 1997; Paddon-Jones et al., 2001). There is yet, limited data existing data
that reports on the effectiveness of this methodological design.

1.5 SUMMARY AND CONCLUSIONS
Resistance exercise regimens incorporating repetition maximum loading are
consistently observed within the research literature and consequently form the basis of
the recommendations provided for resistance exercise adaptation (Kraemer et al., 2002;
Kraemer & Ratamess, 2004). Current evidence does not however present a clear picture
as to the necessity of task failure as a pre-requisite stimulus for strength adaptation
(Drinkwater et al., 2005; Folland et al., 2002; Izquierdo et al., 2006; Lawton et al.,
2004; Rooney et al., 1994). In contrast, rapid muscle activations are consistently
observed to benefit skeletal muscle adaptation (Caserotti et al., 2008; Fielding et al.,
2002; Newton et al., 1997; Young & Bilby, 1993). However, existing research has not
monitored chronic structural and neural adaptations following a period of heavy load
resistance exercise incorporating rapid muscle activation and has not considered the
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additional benefits that may be observed from rapid lengthening-shortening (stretch
shortening) muscle activation. Furthermore, resistance exercise interventions that
include rapid muscle contractions and relatively heavy resistance loading (80% 1RM)
have shown that there is a disconnect between training volume and strength adaptation,
as one set of resistance exercise can result in similar strength gains as those observed
when completing three sets (Munn et al., 2005a). This may be considered significant as
current research investigating the necessity of task failure could increase the total time
spent during resistance exercise when increasing rest periods and equating total work.

A heavy external load is consistently observed to maximise strength adaptation and is
underpinned by three significant physiological events; i) increased motor unit activity
(Belanger & McComas, 1981; Merton, 1954), ii) mTOR signalling (Atherton et al.,
2005; Martineau & Gardiner, 2001; Parkington et al., 2003) and iii) a significant
increase in muscle cross-sectional area (Andersen et al., 2005b; Kraemer et al., 1995;
Staron et al., 1994). The evidence suggests that a high volume of exercise may facilitate
endocrinological IGF-1 secretion and influence intramuscular signalling events that lead
to an increase in protein synthesis and muscle hypertrophy (Hakkinen & Pakarinen,
1993; Kraemer et al., 1991). However, intracellular signalling induced by mechanical
loading has also been shown to occur in the absence of systemic endocrine growth
factors (Spangenburg et al., 2008). Thus, the increased force output observed by
Newton et al. (1997) during heavy load, high velocity muscle contractions, may present
an avenue to elicit elevated levels of protein synthesis in the absence of significant
muscle fatigue.
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It is also known that the degree of motor unit activation is dependent upon force
production requirements. During submaximal isotonic conditions, the total force output
is increased if repetitions are performed to the point of task failure. Thus, high levels of
muscle fatigue elevate motor unit recruitment and rates of discharge (Desmedt &
Godaux, 1978; Ivanova et al., 1997; Milner-Brown et al., 1973b). Rapid dynamic
movements however decrease motor unit recruitment thresholds and increase rates of
discharge (Desmedt & Godaux, 1977, 1979; Grimby & Hannerz, 1977). Rapid muscle
activation therefore appears a favourable mode of contraction, and even in conditions of
heavy loading has been shown to facilitate neural drive in the initial stages of concentric
movement (Newton et al., 1997).

We therefore hypothesised that neither a high exercise volume, nor task failure are
requisite for the development of muscular strength. This design has not been considered
in previous research. Existing investigations have utilised research designs that have
matched the exercise volume (Drinkwater et al., 2005; Folland et al., 2002; Izquierdo et
al., 2006; Lawton et al., 2004; Rooney et al., 1994). Those that have reduced the
exercise volume have induced task failure during a single set of resistance exercise
(Munn et al., 2005a). Additionally, we are unaware of any previous research that has
examined chronic structural and neural adaptations to heavy load rapid shortening, or
rapid lengthening-shortening. This current series of investigations therefore seeks to
examine the effect of heavy load rapid muscle contractions, performed in the absence of
task failure on; i) acute muscle activation, ii) chronic strength adaptation iii) muscle
growth iv) chronic neural adaptation in the active limb, and v) chronic neural adaptation
in the contralateral limb.
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The present research had four primary aims. First, this investigation sought to confirm
differences in neural efferent drive during heavy load dynamic unilateral elbow flexion
and extension, across three conditions that varied in contraction velocity (Figure 1.2).
The three conditions utilised, were the same in each of the studies presented within this
thesis and are described in Section 1.7.

Second, this thesis uniquely incorporated a four-week period of standardised
progressive resistance exercise (Figure 1.3), prior to a further 12 weeks of resistance
training. As discussed previously (Section 1.4.1), exercise interventions which aim to
attribute an adaptation response to a specific stimulus, should first control for
extraneous variables that may influence inter-subject variability. The effectiveness of
subject distribution via initial strength capabilities or the impact of a standardised
training period on the subsequent adaptation responsiveness of subjects during
resistance exercise has not been previously formally investigated. The investigation
presented in Chapter Three, sort to address this gap within the literature.

The primary variables accounting for inter-subject variability were therefore
retrospectively assessed. This methodological design was also used exclusively to
equally distribute subjects across experimental groups, in an attempt to minimise intersubject variability prior to the twelve-week training period presented as the third
investigation in this thesis (Figure 1.4). The three experimental groups completed 12
weeks of resistance exercise directly following the standardised exercise period (Figure
1.4). A heavy external resistance equal to 85% 1RM was applied in each of the three
groups. The muscle activation strategy used to lift the load however differed within the
three experimental groups as outlined in Figure 1.2 and described in Section 1.7. A
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N=12 subjects
Session 1: 6RM testing

Session 2: 6RM confirmation and Familiarisation

Session 3: Electromyographic assessment

Rapid shortening
6RM load

Rapid lengtheningshortening
6RM load

Traditional
resistance exercise
6RM load

Figure 1.2 Study design for the experimental investigation performed to assess
muscular activation presented in Chapter Two of the current thesis.
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Standardised resistance
St
exercise period

Week 1:
50% 1RM

Week 2:
60% 1RM

Week 3:
70% 1RM

Week 4:
80% 1RM

Figure 1.3: Study design for the four-week standardised period of resistance exercise
preceding the 12-week intervention, presented in Chapter Three. Experimental
assessments (open white columns) were performed at baseline and following the 4-week
standardised resistance exercise programme (shaded column). The resistance exercise
load was progressively increased from Week 1 to Week 4.
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Figure 1.4 Study design for the experimental investigations two-four (Chapters ThreeFive). After four weeks of standardised resistance exercise (shaded rectangle), subjects
were equally distributed across three experimental groups; traditional, rapid shortening
and rapid lengthening-shortening for a further 12 weeks of heavy load (85%) resistance
training. Dominant and contralateral elbow flexor function tests were performed prior to
(week 4) and following (week 16) the 12-week training period. Dominant limb 1RM
tests replaced a single training session in weeks 8 and 12. Magnetic resonance imaging
data were collected prior to (week 4) and following (week 16) the 12-week exercise
training period.
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unique aspect of the 12-week resistance exercise design was a reduction in the total
exercise volume, to ensure that the two groups incorporating rapid muscle activation did
not experience task failure. The traditional resistance exercise group consistently
exercised until task failure. In contrast, the rapid shortening and rapid lengtheningshortening were instructed to perform only four repetitions in each set, thus avoiding
task failure.

The series of studies presented within this thesis are thus comprised of two separate
subject groups. In study one (Chapter Two), N=12 subjects were recruited for the acute
examination of electromyographic activity under conditions of heavy (85% 1RM)
external loading. In this investigation each subject was required to attend three
laboratory sessions. In the first session a 6RM load was established. A minimum of 48
hours later in the second session, the 6RM load was confirmed and subjects were
familiarised with the three experimental movement conditions. Finally, in the third visit
electromyographic activity was collected during one set of resisted elbow flexionextension exercise performed to task failure using the pre-determined 6RM load (Figure
1.2). Each subject performed all three of the exercise conditions and thus acted as their
own controls in this investigation.

The data presented in Chapters Three, Four and Five are from a sixteen week
intervention (Figure 1.4). N=30 untrained male subjects were recruited for these
investigations initially participating in a four-week control period of standardised
resistance exercise. Subjects performed unilateral elbow flexion-extension resistance
exercise progressively increasing in load over the four-week exercise period (Figure
1.3) Chronic strength gains are examined in both the trained (Chapters Three-Four) and
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untrained (Chapter Five) limbs using recognised assessments of force production
including a dynamic one repetition maximum (1RM) and, or a static maximal voluntary
contraction (MVC) (Kraemer & Fry, 1995). Adaptation responsiveness was examined
following this period of exercise and subjects were identified as high, or low responders
based on the relative increase in 1RM elbow flexion strength observed (Chapter Three).
High and low responders were equally distributed across rapid-shortening, rapid
lengthening-shortening and traditional resistance exercise prior to completing a further
12 weeks of unilateral elbow flexion-extension resistance exercise. In Chapter Four,
strength, neural and structural adaptation following this 12-week period of exercise is
examined, and in Chapter Five, contralateral strength and neural adaptations were
examined following the respective four- and 12-week periods of resistance exercise.

1.6 AIMS AND NULL HYPOTHESES
In this thesis, the impact of rapid muscle activation and task failure was examined
during heavy load unilateral resistance exercise. Initially electromyographic activity was
compared following heavy-load resistance exercise incorporating i) a traditional
resistance exercise group performing slow shortening (2-second) and slow lengthening
(2-second) muscle activation; ii) a rapid shortening group performing rapid shortening
and slow (2-second) lengthening muscle activation; and iii) a rapid lengtheningshortening group performing rapid shortening and rapid lengthening muscle activation.
An examination of strength adaptation and individual responsiveness was the performed
during a four-week period of standardised resistance exercise. The effect of muscle
contraction velocity on skeletal muscle adaptation was then evaluated during a
subsequent 12-week unilateral resistance exercise intervention including the three
43

modes of contraction described above. The external resistance was 85% 1RM in all
groups and was consistently monitored to ensure identical external loading throughout
the 12-week duration of exercise. The traditional resistance exercise group were
instructed to complete muscle contractions to the point of task failure across all sets of
exercise. In contrast, the rapid shortening and rapid lengthening-shortening groups were
instructed to perform only four repetitions in each set, thus completing approximately
33% less total work when compared to the traditional resistance exercise group.

In our first experiment (Chapter Two) efferent neural drive was evaluated from
electromyographic root mean square variables using surface and intramuscular
electromyography. Surface electromyography has been validated as an indicator of
fatigue representative of additional motor unit recruitment and increased rates of
discharge (Christensen et al., 1995; Christova & Kossev, 1998; Garland et al., 1994;
Gerdle et al., 2000a; Maton, 1981). However, errors in the electromyographic signal
may be observed during dynamic movements, associated with the movement of muscle
fibres beneath the relatively fixed position of the surface electrodes (Farina, 2006).
Intramuscular electrodes are therefore included and have been shown to be reliable
during dynamic movements when repeating measures on the same day (Giroux &
Lamontagne, 1990). In subsequent Chapters, surface electromyography is therefore used
to monitor neural drive. Previous investigations have utilised surface electromyography
to infer a change in neural drive (Hakkinen et al., 1985; Hakkinen et al., 2001; Higbie et
al., 1996; Moritani & DeVries, 1979). In this thesis, neural adaptation is used to
describe a change in electromyographic root mean square activity normalised within
conditions compared to pre-experimental assessments, and between conditions
normalised to traditional resistance exercise. In addition, structural adaptations were
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examined in the trained limb via the assessment of cross- section area using magnetic
resonance imaging in Chapter Four.

1.6.1 Muscular activation during heavy load resistance exercise
In our first experiment (Chapter Two), subjects will be asked to perform repetitive
muscular contractions to the point of task failure using a relatively heavy external
resistance (85% 1RM). Muscle activation will be evaluated using surface and
intramuscular electromyography during three conditions which differ only in the
velocity of eccentric and or concentric muscle activation. The appropriate null
hypothesis is identified as:

1.6.1.1 Hypothesis one: Electromyographic activity in the biceps brachii will not differ
significantly during rapid shortening, rapid lengthening-shortening and traditional
resistance exercise.

1.6.2 Inter-subject variability during resistance training
The differing rates of strength adaptation observed in a group of previously untrained
males were examined in the second experimental intervention. All subjects completed
four weeks of unilateral standardised resistance exercise progressing in load by 10%
weekly from 50-80% of 1RM. Strength (1RM and MVC) and neural adaptations in the
trained and contralateral limbs were examined and high and low responding subjects
were identified via the relative increase in 1RM strength gain observed. A retrospective
analysis of the 1RM strength gains observed during in these high and low responding
groups during the ensuing 12-week period of resistance exercise was also performed.
This second phase of analysis will determine the significance of inter-subject
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variability, identify the effect of considering initial 1RM strength capabilities, and
assess the impact of standardised resistance exercise as a method to control any
observed variability. The appropriate null hypothesis is identified as:

1.6.2.1 Hypothesis two: Baseline 1RM strength and 1RM strength gain following a
standardised period of resistance exercise will not be significantly correlated with the
adaptation observed during a subsequent period of heavy load resistance exercise.

1.6.3 The necessity of task failure during heavy load resistance exercise
Strength gains (1RM and MVC) and concurrent neural and structural adaptations were
evaluated following 12 weeks of heavy load (85% 1RM) unilateral resistance exercise.
Three groups were examined, and only one of these three groups consistently exercised
to the point of task failure. The same relative resistance (85% 1RM) was applied at all
times in all groups, however each group differed in the muscle activation strategy
employed to lift the mass 2. The appropriate null hypothesis is identified as:

1.6.3.1 Hypothesis three: Task failure is essential to illicit the greatest gains in one
repetition maximum, maximal voluntary contraction strength, muscle cross-sectional
area, and electromyographic activity following 12 weeks of resistance exercise.

1.6.4 Contralateral strength gains during unilateral resistance activity
Strength gains (1RM and MVC) and neural adaptations in each of the three groups were
also monitored in the contralateral limb. The appropriate null hypothesis is identified as:

2

A description of the three muscle activation strategies will be given in Section 1.7 experimental design
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1.6.4.1 Hypothesis four: Contralateral one repetition maximum, maximal voluntary
contraction strength and electromyographic activity will be similar between rapid
shortening, rapid lengthening-shortening and traditional resistance exercise groups
following 12 weeks of resistance exercise.

1.7 EXPERIMENTAL DESIGN
The flow chart presented in Figure 1.5, highlights the experimental design of the current
thesis. The objective measures of strength in the dominant and contralateral limbs, as
influenced by acute and chronic neural adaptation and muscle hypertrophy are identified
by the bold black text. The specific variables influencing neural (motor unit recruitment
and discharge) and hypertrophic (endocrine, paracrine and autocrine signalling)
responses, are not examined within the current thesis and as such remain as fine black
text in Figure 1.5.

Relatively heavy external loading is identified within the present Chapter as the
dominant resistance exercise variable leading to maximal strength gain. Consequently, a
heavy mass is presented in Figure 1.5 as a known variable in bold blue text; muscular
adaption is reduced during light loading and as such is presented in fine black text. All
experiments within this thesis therefore utilised a heavy relative load of 85% 1RM, a
load recommended for the development of muscle strength (Kraemer et al., 2002). The
optimal combination of heavy resistance loading, the muscle activation strategy
employed, total work performed and presence or absence of task failure is however
unknown. These variables are consequently highlighted as fine blue text in Figure 1.5.
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Figure 1.5: Overview of the experimental design. Those variables which can influence
the objective measures (black) examined in Chapter Two-Five are presented in the
lower tier. A heavy mass is a recognised as a feature of resistance exercise consistently
leading to maximal strength gain (bold blue). The variables examined within this thesis
(fine blue) are identified via manipulation of contraction velocity in combination with a
high or low total work induced by the presence of absence of task failure (bold red and
bold green).
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A series of investigations were therefore designed to examine the objective neural,
hypertrophic, dominant and contralateral strength measures, when manipulating these
experimental variables in combination as identified by the respective bold red and bold
green text in Figure 1.5.

Chapter Two examines the influence of three different muscle activation strategies on
the kinetics, kinematics and muscle activation of elbow flexion. Two rapid muscle
activation patterns; rapid shortening and rapid lengthening-shortening (bold red) and a
more traditional, slower and controlled pattern of shortening and lengthening (bold
green) are examined. The instruction given to subjects with respect to the velocity of
muscle contraction differed between conditions.

In rapid shortening, subjects were instructed to complete the shortening (concentric)
phase of contraction at the fastest possible velocity, and control the lengthening
(eccentric) phase of the contraction to a 2-second cadence. Rapid lengtheningshortening required subjects to perform rapid voluntary muscle activations during the
shortening and lengthening phases of contraction. Traditional resistance exercise
controlled muscle the velocity of muscle contraction to a four second cadence, 2-second
muscle shortening and 2-second muscle lengthening.

The data collected in Chapter Two, provides data that differentiates the three different
muscle activation strategies to be examined in Chapters Four and Five. A subsequent
examination of chronic adaptations was therefore warranted.
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Chapters Four and Five examine chronic skeletal muscle adaptation in the dominant and
contralateral limbs respectively. Significant inter-subject variability is however
observed during resistance exercise (Hubal et al., 2005). As such, inter-subject
variability was considered a variable one should aim to control in order to confidently
attribute dominant and contralateral strength adaptation to the manipulation of
experimental variables. A standardised period of resistance exercise was incorporated
into our design and a retrospective analysis of inter-subject variability was performed in
Chapter Three. Inter-subject variability is therefore identified in the flow chart as a
variable studied in the current thesis as bold gold text. Neural adaptation related to inter
subject variability is examined and is linked as such in the flow chart. However, as we
are aware of differing rates of muscle hypertrophy amongst individuals participating in
resistance exercise (Hubal et al., 2005), individual variability in the rate of muscle
hypertrophy was not examined in the current thesis and remains identified as fine black
text in Figure 1.5.

Figure 1.5 highlights high (bold green) and low (bold red) total work and the presence
(bold green) or absence (bold red) of task failure as features of resistance exercise
manipulated in the three exercise conditions; rapid shortening, rapid lengtheningshortening and traditional resistance exercise. The effect of the training regimen on
adaptation of the dominant limb was examined in Chapter Four, and contralateral limb
adaptation in Chapter Five. The colour key is the same as the differing muscle
activation patterns examined in Chapter Two, to identify the coupling of these muscle
activation patterns with high and low total work load, induced by the presence or
absence of task failure.
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A simple single joint, elbow flexion-extension exercise was used as the primary
exercise training movement. The biceps brachii was chosen as the most suitable
forearm flexor for electromyogram recordings as many motor units are located
superficially (Christova et al., 1998). Experimental training and assessment was
performed with the forearm supinated in order to optimise activity in the biceps brachii
(Ter Haar Romeny et al., 1982; Van Zuylen et al., 1988). Furthermore, maximal motor
unit recruitment does not require maximal force production in the biceps brachii and
humans are able to achieve maximal motor unit recruitment in this muscle by voluntary
effort (Gandevia et al., 1998; Gandevia & Mckenzie, 1988; Kukulka & Clamann, 1981;
Moore et al., 2004). As such, maximal motor unit activity is likely in all conditions as a
consequence of the heavy loading strategy employed. We therefore proposed any
differences in electromyographic activity detected would result from differences in
motor unit recruitment thresholds and rates of motor unit discharge.

A single joint activity was chosen for the mode of resistance exercise completed
throughout each of the investigation presented in this thesis. A unilateral mode of
resistance exercise elicits significant skeletal muscle hypertrophy in the trained limb
(Hubal et al., 2005; Pescatello et al., 2006; Shepstone et al., 2005). Therefore structural
adaptation can be monitored. However, unilateral single joint resistance exercise may
not stimulate a systemic endocrine response and the associated increases in anabolic
hormone secretion (Ahtiainen et al., 2003a; Hakkinen & Pakarinen, 1993; Kraemer et
al., 1998; Wilkinson et al., 2006). A limited endocrine response has specifically
identified in the biceps brachii during unilateral resistance exercise (Hansen et al.,
2001; West et al., 2010). The biceps brachii was therefore purposefully chosen in this
thesis.
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In addition, unilateral exercise permits an investigation of the strength change in the
contralateral limb (Hortobagyi et al., 1997; Hortobagyi et al., 1999; Shima et al., 2002).
Unilateral exercise does not induce significant compensatory hypertrophy in the
contralateral limb and the development of strength is attributed to neural mechanisms
(Hubal et al., 2005; Narici et al., 1989; Ploutz et al., 1994). Evidence has indicated a
number of possible sites for contralateral transfer. The descending neural drive to the
active limb projects from the motor cortex (M1) along corticofugal fibres in the
pyramids of the medulla oblongata, crossing in the pyramidal decussation to the
intended site of transmission. The direct transmission of motor drive to the ipsilateral
(inactive) homologous muscle may however occur as some corticofugal fibres may not
cross in the region of pyramidal decussation (Nyberg-Hansen & Rinvik, 1963). The
time period for activation of corticospinal neurons of the ipsilateral motor cortex is also
consistent with cross hemispheric conduction via the corpus callosum (Hanajima et al.,
2001).

However, cross-education may not rely on interhemispheric transfer, as contralateral
muscle activity has been observed in both normal subjects and those with abnormalities
of the corpus callosum (Meyer et al., 1995). Subcortical transfer of descending neural
drive may result from neural spill-over from the desired direction of central motor drive,
resulting in bilateral activation of the homologous muscle as the active contraction
approaches maximal effort (Cernacek, 1961; Hopf et al., 1974). Stimulation of afferent
Ia axons during unilateral activity however leads to a depressed H-reflex response, and
no concurrent change in the excitability of spinal motoneurons, as such reciprocal
inhibition is also implicated as a subcortical pathway for the transfer of contralateral
strength (Carson et al., 2004; Hortobagyi et al., 2003).
52

Within this thesis, contralateral transfer in conditions which apply the same relatively
heavy external resistance, yet differ in the velocity of eccentric and, or concentric
muscle activation and task failure was also investigated.
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CHAPTER TWO:
MUSCULAR ACTIVATION DURING
HEAVY LOAD RESISTANCE EXERCISE
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ABSTRACT
Chronic exposure to a heavy load resistance exercise training regimen provides a
significant stimulus for the development of strength. Combining heavy loads and
ballistic resistance activity also increases electromyographic activity in the agonist
muscle groups. However, it is unclear if rapid non-ballistic muscle contractions elicit
similar characteristics during simple, heavy load unilateral resisted movement. Twelve
healthy untrained males completed one set of dominant limb 6RM elbow flexionextension to task failure in three randomly assigned exercise conditions; rapid
lengthening-shortening, rapid shortening and traditional resistance exercise. The
velocity of lengthening during rapid lengthening-shortening (0.57 ±0.03 m
·s
significantly greater than rapid shortening (0.22 ±0.01 m
·s

-1

-1

) was

), and traditional resistance

exercise (0.17 ±0.00 m·s -1). The velocity of shortening was facilitated during the first
three rapid lengthening-shortening repetitions (0.43 ±0.02 m
·s

-1

) when compared to

rapid shortening (0.35 ±0.01 m·s-1) and control (0.20 ±0.00 m·s-1). Electromyographic
root mean square data were normalising to traditional resistance exercise. Intramuscular
biceps brachii root mean square amplitude was significantly increased during the first
(23.1 ±12.7%), second (28.7 ±10.7%) and third (23.4 ±10.6%) repetition of rapid
lengthening-shortening. A significant interaction in root mean square was detected from
the surface biceps brachii electrode during the second repetition; rapid shortening was
lower (8.7 ±4.5%) and rapid lengthening-shortening higher (5.4 ±5.2%) in comparison
to traditional resistance exercise. Rapid shortening alone did not significantly affect
agonist motor unit activity during heavy resistance exercise. However, when preceded
by rapid lengthening, motor unit activity in the active limb was significantly increased.
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2.1 INTRODUCTION
External loading of skeletal muscle is associated with the development of muscle
tension and a corresponding increase in motor unit recruitment and rate of motor unit
discharge (Bigland & Lippold, 1954a, 1954b). Thus, resistance exercise regimens that
require greater muscle tension increase electromyographic activity, an indication of
elevated efferent neural drive (Hakkinen et al., 1985; Moritani & Muro, 1987). It is
therefore no surprise that resistance exercise programs that utilise a relatively heavy
load have been recommended to increase skeletal muscle strength (Campos et al., 2002;
Hakkinen et al., 1985; Moss et al., 1997).

A dominant feature of resistance training practice is the performance of non-ballistic
resistance exercise to task failure using a repetition maximum loading regimen (Campos
et al., 2002; Delorme, 1945; Delorme & Watkins, 1948; Hakkinen et al., 1985; Kraemer
et al., 1993). Task failure induces significant central and peripheral muscle fatigue and
when performed routinely is associated with increases in muscle strength (Drinkwater et
al., 2005; Gandevia, 1998; Lawton et al., 2004; Rooney et al., 1994). The associated
change in the metabolic state of skeletal muscle as fatigue progresses, may contribute to
an increase in the electromyographic indices of motor unit activity observed during a
submaximal task to failure (Bilodeau et al., 2003; Fuglevand et al., 1999; Masuda et al.,
1999; Maton, 1981). Activation of additional motor units is achieved by a gradual but
substantial increase in central neural efferent drive (Bigland & Lippold, 1954b). Thus,
high levels of fatigue or task failure are a means of obtaining complete muscle
activation. However, this level of motor unit activation is transient, eventually muscle
activation declines leading to a decrease in force production and termination of the task
(Arendt-Nielsen & Mills, 1988; Bigland-Ritchie et al., 1986b).
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Motor unit activity is also influenced by the mode (concentric or eccentric) and the
velocity of muscle activation. Motor units preferentially discharge according to motor
unit size as a muscle shortens (Bigland & Lippold, 1954b; Nakazawa et al., 1993;
Pasquest et al., 2006; Tax et al., 1989). An increase in the velocity of muscle shortening
elevates the rate of motor unit discharge and may selectively activate high threshold
motor units (Desmedt & Godaux, 1977, 1978). An increase in motor unit discharge and
a decrease in motor unit recruitment thresholds is also recognised as a chronic
adaptation, contributing to an improvement in the maximal rate of force development
after 12 weeks of relatively light (30-40% 1RM) resistance training, incorporating rapid
lengthening-shortening muscle activation (Van Cutsem et al., 1998).

Resistance exercise programs that combine heavy resistance loading with the intent to
rapidly shorten the muscle, have been observed to facilitate both strength and power
development (Caserotti et al., 2008; Fielding et al., 2002). For example, Caserotti et al.
(2008) observed relative increases in maximal voluntary contractile force (MVC), peak
force and rate of force development following 12 weeks of heavy (80% 1RM) resistance
exercise including rapid shortening muscle activation. The benefits of rapid muscle
activations were further demonstrated by Fielding et al. (2002) after comparing 16
weeks of 70% 1RM resistance exercise incorporating slow muscle shortening (2second) and muscle lengthening (2-second) contractions versus rapid shortening muscle
activation and slow lengthening (2-second). A similar increase in 1RM strength was
reported between both groups, however a greater relative increase in peak power was
observed after resistance exercise incorporating rapid shortening muscle contractions.
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These results may indicate that high velocity training adaptations also occur during
heavy load resistance exercise, when rapid muscle activations are performed. However,
neither Caserotti et al. (2008) nor Fielding et al. (2002) assessed muscle activation, or
changes in muscle cross-sectional area, to indicate the source of the physiological
adaptation when rapid muscle activations were performed. The current study is the first
to compare electromyographic activity during muscle activations performed slowly in
comparison to those performed rapidly in conditions of heavy resistance loading ≥( 85%
1RM).

Combining rapid muscle shortening with a preceding phase of rapid muscle
lengthening, is an energetically preferred strategy of human movement termed the
stretch shortening cycle (Komi, 2000, 2003). A stretch shortening cycle muscle
activation is associated with the projection of force into free space as observed in
running, jumping or throwing actions (Bobbert et al., 1996; Komi, 2000; Komi &
Bosco, 1978; Newton et al., 1997).

A stretch shortening cycle muscle activation, results in storage of elastic energy during
the muscle lengthening phase as a consequence of the pre-stretch of muscle fibres and
tendinous tissues (Finni et al., 2001; Kawakami et al., 2002). If there is limited delay
between the lengthening and shortening phases of muscle activation (amortisation
phase), the potential energy obtained during the lengthening phase is released during the
subsequent concentric muscle activation (Thys et al., 1972). During resisted stretch
shortening cycle muscle activation force output and electromyographic activity is
enhanced (Newton et al., 1996; Newton et al., 1997). Additionally, Newton et al.
(1997) observed increased peak force and electromyographic activity in higher load
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upper-limb stretch shortening cycle conditions compared to lower loads. The authors
proposed that the prolonged contraction times and slower velocities associated with
increasingly heavy relative loads had allowed for a greater proportion of the motor unit
pool to be activated during the stretch shortening cycle throwing activity. This suggests
some additional benefit may be afforded from increased loading during attempted
ballistic stretch shortening cycle resistance activity.

Resistance training regimens however commonly utilise non-ballistic stretch shortening
cycle activities that require movement velocity to be zero at end of the concentric range
of motion, thus, any significant acceleration of the limb during muscle shortening will
require even greater decelerations in velocity to control limb displacement. Prior muscle
lengthening has been shown to increase shortening velocity during upper limb heavy
load (>80% 1RM) non-ballistic stretch shortening cycle activity (Cronin et al., 2002;
Miyamoto et al., 2010; Wilson et al., 1991a; Wilson et al., 1991b). However,
electromyographic activity has not been examined. Furthermore, each of these existing
research protocols has compared rapid lengthening and shortening with exercise
conditions without any prior muscle lengthening, or have enforced a deliberate pause
between lengthening and shortening phases of the movement. Thus the benefits
associated with a natural sequence of lengthening and shortening during resistance
exercise have yet to be fully established. The neuro-mechanical effect of increasing the
velocity of prior muscle lengthening in an attempt to decrease the duration of the
amortisation period and facilitate muscle shortening, during heavy load upper-limb
resistance exercise is thus currently unknown.
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The primary purpose of this study was to investigate muscle activation during heavy
load elbow flexion and extension resistance exercise, performed at varied concentric
and eccentric movement velocities. Electromyographic activity was examined in three
heavily loaded (85% 1RM) conditions with differing muscle activation velocities; rapid
shortening, rapid lengthening-shortening and traditional slow shortening (2-second),
and slow lengthening (2-second) resistance exercise. A kinetic and kinematic analysis of
the three exercise conditions was performed to confirm differences in the mechanics of
movement.

2.2 METHODS

2.2.1 Subjects
Twelve apparently healthy, recreationally active male subjects completed the
investigation. All volunteers completed a written informed consent and medical history
questionnaire. All procedures were approved by the Human Ethics Research Committee
(University of Wollongong, Appendix C).

2.2.2 Experimental design
All subjects visited the laboratory on three occasions separated by at least seven days.
Subjects were positioned as illustrated in Figure 2.1 and described in Section 2.2.3 in
each of the three laboratory sessions.

In the first experimental session, subjects attended the laboratory for the assessment of a
six repetition maximum (6RM), determined as the maximum load that can be lifted six
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Figure 2.1 Experimental position. Subjects were positioned supine and instructed to
place the hips unsupported at 90º. Dominant limb elbow flexion was performed through
a 100° range of motion assisted via guide bars set at 60° and 160°. Subjects were
attached to the load via a wrist strap connected to a cable instrumented with a load cell
and shaft encoder. A LED light stimulus and oscilloscope were fitted to the
experimental equipment for MVC testing.
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times without assistance throughout the full range of motion during the elbow flexion
and extension resistance exercise task. The 6RM load was confirmed in a second visit to
the laboratory. A five-second maximal voluntary contraction (MVC) isometric strength
assessment was performed at 120° elbow flexion before and after each 6RM attempt to
replicate the experimental testing procedures performed in session three.

In the second laboratory visit subjects were also familiarised with the three experimental
conditions. In the rapid shortening condition, subjects were instructed to perform rapid
voluntary muscle activation, shortening the muscle (concentric contraction) at the
fastest possible velocity. The subsequent muscle lengthening phase of this contraction
was controlled to a 2-second cadence. In the rapid lengthening-shortening condition,
subjects were instructed to perform rapid voluntary muscle activations during the
shortening (concentric contraction) and lengthening (eccentric contraction) phases of
dynamic movement. For all conditions that required a rapid movement subjects were
instructed to move the loaded limb as quickly as possible. In the traditional resistance
exercise condition, muscle activation during shortening (concentric contraction) was
controlled to a 2-second cadence and the subsequent muscle lengthening (eccentric
contraction) was similarly controlled to a 2-second cadence.

At least 48 hours after 6RM confirmation and familiarisation, subjects attended the
laboratory for the third time. The pre-determined 6RM load was applied as subjects
performed one set of contractions in rapid shortening, rapid lengthening-shortening and
traditional resistance exercise conditions. Each set was performed to the point of task
failure. Exercise conditions were randomly allocated as first, second or third set for each
subject. Maximal voluntary contractions (MVC) were performed at the beginning and
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end of each set. An examination of neural drive in the biceps brachii took place from an
assessment of electromyographic activity via surface and intramuscular electrodes.

2.2.3 Experimental position
Each session required subjects to be positioned in the experimental position, supine with
the hips and knees flexed unsupported at 90° (Figure 2.1). The forearm was supinated
and a stiff leather wrist strap was placed around the dominant limb and connected to a
cable, which in turn was fixed to a weight stack. The exercise equipment was designed
to enable instrumentation of the cable with a 1000 N load cell (Applied Measurement,
X-TRAN, 51W-1kN, Eastwood, NSW, Australia) and shaft encoder (E6C2-CWZ6C1000, Omron, Minato-ku, Tokyo, Japan) delivering 1000 pulses per revolution of the
pulley wheel, permitting a resolution of ~0.07 mm per pulse during movement. Subjects
were then required to perform a dominant limb elbow flexion-extension task through a
100° range of motion. Guide bars to assist with the desired range of motion, were fixed
to the exercise bench positioned relative for each subject at 60° and 160°, using a
custom made electronic goniometer running laterally to the medial epicondyle of the
humerus and radioulnar joint.

In addition, subjects were fitted with a custom made electronic goniometer. The lever
arms were attached with adhesive tape to the humeroulnar joint such that the
goniometer axis aligned laterally to the medial epicondyle of the humerus and
radioulnar joint. The goniometer was instrumented with an oscilloscope (Digitor Q1808, DS-203) that provided instantaneous visual feedback of the limbs range of
motion. Data from the shaft encoder was collected at 2000 Hz, processed via an
analogue-to-digital converter (Power 1401, Cambridge Electronic Design, Cambridge,
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U.K.). The shaft encoder signal also provided input for a computer programme
developed to provide a visual and audible cue of the required cadence and range of
motion to be performed (Labview ver. 8.0, National Instruments Corporation, 11500 N
Mopac Expway, Austin, Texas) and displayed on a computer screen (Latitude D810,
Dell, Round Rock, Texas, USA).

2.2.4 Familiarisation
In session two, subjects were familiarised with the desired range of motion (60-160°).
Three sets of 20 unloaded elbow flexion and extension repetitions, on a four second
cadence were performed in the experimental position (Figure 2.1). A one minute rest
period was provided between each set. Subjects then performed one set of six
repetitions at 50% of the pre-determined 6RM load in rapid shortening, rapid
lengthening-shortening and traditional resistance exercise conditions. A three minute
rest period was provided between each set.

2.2.5 Experimental assessments
In sessions one and three, all experimental assessments and resistance exercise
conditions were performed in the experimental position (Figure 2.1), as described in
Section 2.2.3. Prior to an experimental assessment, subjects performed a standardised
warm up in the experimental position, consisting of five elbow flexion-extension
contractions against a resistance of 2.5 kg.

2.2.5.1. Maximal voluntary contractions:
At the beginning and end of each set (within 30-seconds of task failure), subjects
performed a five second MVC at 120° elbow flexion (180° = full extension). MVC
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force was recorded via the 1000 N load cell instrumented by a DC pressure amplifier
and collected at 200 Hz (Neurolog, 108A, Digitimer Neurolog, Hertfordshire, UK).

Subjects were instructed to contract as hard and fast as possible to achieve maximal
force output over the five second period of the MVC. During the maximal effort,
subjects were given strong verbal encouragement and also provided with visual
feedback of their force output via an oscilloscope (Digitor Q-1808, DS-203). The
difference in MVC force recorded at the beginning and end of each set in session three
was analysed to assess the impact of fatigue.

2.2.5.2 Six repetition maximum (6RM):
In the first laboratory session, 6RM assessments were performed to an accuracy of 0.25
kg. A five minute rest period was given prior to the 6RM assessment to minimise any
effect of accumulated fatigue. Each set of elbow flexion-extension exercise was
performed through the 160-60° range of motion until voluntary muscle activation was
not sufficient to complete a repetition; this was defined as task failure. Subjects
estimated the initial starting load for the first 6RM attempt, and load was adjusted
during subsequent trials until a 6RM was achieved. A repeat MVC was performed after
each 6RM attempt to simulate the experimental exercise conditions to be performed in
session three. If the subject completed more than six repetitions, a 30-minute rest was
given to ensure full recovery prior to a repeat 6RM assessment. In the second laboratory
session 6RM was confirmed. Subjects commenced the 6RM assessment using the final
load achieved in session one, the load was confirmed after a 30-minute rest period by a
second attempt. The 6RM load determined in session two was used during experimental
assessments in session three.
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2.2.5.3 Electromyography (EMG):
In session three, surface and intramuscular electromyographic recordings during the
6RM resistance exercise activity, were used to evaluate neural drive during rapid
shortening,

rapid

lengthening-shortening

and

traditional

resistance

exercise.

Intramuscular electrodes were included in this assessment as surface electrode
recordings are compromised with any modification of muscle length, leading to
variation in the amplitude of motor units as the surface electrodes position shifts relative
to the muscle fibre (Farina, 2006; Kossev & Christova, 1998). Intramuscular electrodes
are however inserted into the belly of the muscle. Considerable displacement of the
intramuscular wire may be observed following insertion during muscular contraction,
however repeated muscle contractions decrease the observed displacement as the bent
wire end becomes embedded, and attaches to the muscle tissue (Jonsson & Bagge,
1968). Intramuscular electrode recordings may therefore more accurately reflect motor
unit activity in the muscle during dynamic movements.

The surface of the skin was shaved, followed by light abrasion and alcohol cleansing, to
reduce skin resistance prior to electrode positioning. The biceps brachii was
additionally cleansed with Betadine (MCP Operations PTY, Virginia, Queensland,
Australia) prior to intramuscular electrode insertion. The intramuscular electrode
consisted of two 100µm single strand, Teflon coated, stainless steel fine wire electrodes
(7910, SDR Clinical Technology, NSW, Australia), cut to a 26 cm length, with 1 mm of
the wire tip exposed of Teflon for recording. An additional 5-7 mm of Teflon was
removed from the opposite end of each wire to interface with the electromyographic
recording equipment via IC miniature test clips. Each fine-wire was paired; one bent to
2 mm and its pair bent to 3 mm and sterilised using autoclave procedures (Basmajian &
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De Luca, 1985). Intramuscular electrodes were inserted a half needle length
(approximately 14 mm) into the lateral portion of the biceps brachii via a disposable 25
gauge hypodermic needle central to the surface electrode border (Figure 2.2). After the
fine wire was inserted, the needle was removed and the remaining wire coiled and fixed
to the surface of the bicep using adhesive tape. Subjects then performed limb flexion
and extension, to ensure that there was adequate wire length free to travel within the
muscle fibre during muscle shortening and lengthening. Intramuscular electrodes are
reliable during dynamic movements as long as the wire is not removed after the initial
insertion and provide an accurate reflection of activity in a specific portion of motor
units when repeating measures on the same day (Giroux & Lamontagne, 1990).
Furthermore, attempts were made in the current study to ensure an accurate reflection of
motor unit activity by inserting the intramuscular electrode into the lateral portion of the
biceps brachii, a region associated with increased activity during elbow flexion (Ter
Haar Romeny et al., 1984).

Surface electrodes (Ag/AgCL contact diameter 15 mm) were adhered to the biceps
brachii and triceps brachii with a 2 cm centre-centre inter-electrode distance. Careful
consideration must be given to the surface electrodes location with respect to anatomical
landmarks, inter-electrode distance, fibre length and direction in order to minimise the
impact of cross talk, the detection of electrical activity from a muscle other than the one
under investigation (Hermens et al., 2000).

In the current investigation, electrodes were placed central to the biceps brachii and
medial head of the triceps brachii muscle bellies in line with the muscle fibres. The
biceps brachii electrodes were positioned midway between the acromion process and
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B

electrode

Figure 2.2 Fine wire electrode insertion A: Needle insertion into the biceps brachii to
50% of the needle length B: Fine wire electrodes attached to the muscle fibres of the
biceps brachii.
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elbow crease, and triceps brachii midway between the acromion process and olecranon
of the elbow, in line with published guidelines (Cram et al., 1998). The distance
between the acromion process and elbow crease was recorded as an anatomical
reference point. Electromyographic signals were inspected as the subject produced
dynamic movement, to ensure the appropriate location of the electrodes.

All electromyographic signals were pre-amplified with a low frequency cut-off of 3 Hz,
amplified ×1000 and high (10 Hz) and low (500 Hz) band pass filtered (Neurolog 844,
820, 144, 135, Digitimer Neurolog, Hertfordshire, U.K). Myo-electric data were
collected at 2000 Hz per channel, all data was processed via the analogue to digital
converter (Power 1401, Cambridge Electronic Design, Cambridge, U.K.) using Spike 2
software (Ver 5.13, Cambridge Electronic Design, Cambridge, UK) and stored on a
computer (Latitude D810, Dell, Round Rock, Texas, USA).

2.2.6 Data analysis
Electromyographic data were analysed via a Spike 2 script programme written
specifically for analysis of this data set (Appendix G). The Y axis range was magnified
to display the maximal amplification of the signal without clipping using the spike 2
script function to optimise the signal. The signal was then visually inspected and cursors
were positioned manually to the start (extension) and end (flexion) of the first, second,
third and final repetitions as identified from the digital data collected via the shaft
encoder. The peak of the MVC force curve was identified and recorded as the average
force produced within a 100 ms epoch of the force-time curve peak. Average EMG root
mean square amplitude was calculated within discrete shortening and lengthening
phases of the first, second, third and last repetition. Peak EMG root mean square
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amplitude was determined using Spike 2 software by scrolling the entire duration of the
contraction and assessing data within windows set to a 100 ms epoch. All EMG root
mean square data are reported as the relative difference (%) normalised to the first
eccentric or concentric repetition of the traditional resistance exercise. Frequency data
were smoothed via a hamming window (512 bins) within a power spectrum. Within
conditions the percentage root mean square difference between the first and last
repetitions is reported. Mean frequency data is reported as the value recorded from the
electromyogram in Hz.

Prior to commencing experimental exercise the arm of each subject was passively
moved through the 100° range of motion, thus providing a reference calibration reading
by which to assess range of motion during each of the experimental tasks. Range of
motion and velocity data were calculated for repetitions performed during rapid
shortening, rapid lengthening-shortening and traditional resistance exercise. In order to
calculate range of motion, total limb displacement (mm) recorded by the shaft encoder,
was calculated over the entire set by cursors set to count the number of pulses delivered
from the start of movement, to the end of the last completed repetition prior to task
failure. Displacement (mm) was calculated as shown in Equation two.

Equation two: d = ∆pulse n × 0.07
where:
d

= Displacement (mm),

pulse n = Number of pulses recorded by the shaft encoder.
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Total limb displacement within each exercise set was divided by the number of
completed repetitions, giving the average limb displacement per repetition. The average
limb displacement was compared to the calibration reading to determine the average
range of motion during rapid shortening, rapid lengthening-shortening and traditional
resistance exercise conditions.

The external 6RM load remained the same during resistance exercise performed in each
condition. The mass (kg) was recorded and total displacement data gathered from the
shaft encoder. Total work (j) performed during rapid shortening, rapid lengtheningshortening and traditional resistance exercise was determined, and calculated in each set
of exercise as shown in Equation three.

Equation three: w = m × a × d
where:
w

= Work (j),

m

= Mass, determined as the external 6RM load (kg),

a

= Acceleration (9.81 m·s-2),

d

= Displacement (mm), as per equation two, d = ∆pulse n × 0.07

Analysis of the kinematic variables, velocity (m·s-1), acceleration (m·s -2), and power
(watts), were examined in discrete elbow flexion and extension phases to examine
movement characteristics of the active limb during rapid shortening, rapid lengtheningshortening and traditional resistance exercise. The velocity of muscle shortening and
lengthening was calculated as shown in Equation four.
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Equation four: v = ∆d × ∆t-1
where:
v

= Velocity (m·s -1),

d

= Displacement (mm) as per equation two, d = ∆pulse n × 0.07

t

= Time, total time (s) to complete the exercise set, or the time taken to complete
discrete shortening and, or lengthening phases of movement during the first
repetition.

The amortisation period (ms) was defined as the time velocity was zero between
lengthening and shortening contractions. Thus the duration of the amortisation period,
was calculated as the time from the last pulse obtained during muscle lengthening to the
first pulse recorded during muscle shortening. In addition, the average velocity ·s
(m

-1

)

and force (N) derived from the 1000 N load cell was calculated at 5% intervals relative
to the total displacement during the first and last repetition.

Peak acceleration was examined in rapid shortening, rapid lengthening-shortening and
traditional resistance exercise. Data gathered from the shaft encoder were broken down
into 100 ms time periods for an examination of limb displacement (equation two). Peak
acceleration was identified as the greatest limb displacement (mm) within a 100 ms time
period during the concentric and eccentric phases of the first repetition. Peak
acceleration was calculated as shown in Equation five.

Equation five: a= ∆v × ∆t-2where:
a

= Peak acceleration (m·s-2),

v

= Velocity (m·s -1), as per equation four, v = ∆d × ∆t-1,
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t

= Time, greatest limb displacement, as per equation two, d = ∆pulse n × 0.07

calculated over 100ms

Instantaneous peak power was also calculated during muscle shortening to further
examine the impact of limb acceleration and work production within the respective
rapid shortening, rapid lengthening-shortening and traditional resistance exercise
conditions. Instantaneous peak power was calculated as shown in equation six.

Equation six: p = m × a × d × t-1
where:
p

= Power (W),

m

= Mass, determined as the external 6RM load (kg),

a

= acceleration (m·s-2), as per equation five, ∆v × ∆t-2,

d

= Displacement (mm), as per equation two, d = ∆pulse n × 0.07,

t

= Time, greatest limb displacement, as per equation two, d = ∆pulse n × 0.07

calculated over 100ms

The total time under tension was also calculated as the total time (s) that the muscle
actively bared load during each set of resistance exercise. The start and end of the active
muscle contraction was identified by pulses delivered from the shaft encoder.

2.2.7 Statistical Analyses.
Statistical analyses of data were performed using a Multivariate Analysis of Variance
(MANOVA), with condition as the independent variable. If significant effects were
observed, a One-Way repeated measures (ANOVA) was used followed by a post-hoc
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Tukey’s HSD correction for multiple comparisons. Data are reported as means and
standard errors of the mean (±), unless otherwise stated as standard deviation (SD).
Statistical significance was set at an alpha level of 0.05.

Twelve male subjects (26 SD 3.9 yrs, 180.5 SD 7.9 cm, 79.1 SD 11.9 kg) completed the
experiment, however, two subjects were omitted from the analysis of intramuscular
electrode data, one due removal of the wire due to discomfort upon insertion, and one
due to signal artefact during data collection.

2.3 RESULTS

2.3.1 Repetition maximum (6RM)
The 6RM load for elbow flexion was 14.7 SD 2.8 kg, taking 2.3 SD 0.5 kg attempts to
reach the maximum load.

2.3.2 Maximal voluntary contraction (MVC)
To assess the level of recovery and fatigue from each experimental condition, a fivesecond maximal voluntary contraction (MVC) at 120° elbow flexion was performed by
each subject at two time points; prior to commencement of an experimental condition
and immediately following volitional repetition failure. No significant differences were
detected in MVC prior to the commencement of each set, thus full muscular recovery
between conditions was confirmed (Figure 2.3). However, immediately following each
resistance set a significant decline in MVC force output was detected (Figure 2.3). The
decrease in MVC force equated to 16.8 ±1.4% after rapid shortening, 17.4 ±2.0% after
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Figure 2.3 Maximal voluntary contraction strength Pre- and Post-exercise. Rapid
Shortening (RS), Rapid-lengthening-shortening (RLS) and traditional (TR) resistance
exercise conditions. Data represent means ± SEM. † = significant difference between
Pre and Post exercise within each experimental condition. Significance is set at p<0.05.
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rapid lengthening-shortening and 16.1 ±1.3% after traditional resistance exercise. No
significant differences in force were observed in these post exercise MVC values.

2.3.3 Kinematic analysis of movement
A kinematic analysis of movement is shown in Table 2.1. No significant differences
were observed in the number of repetitions completed or total work output (j) between
conditions. The total time under tension was however significantly (P=0.0009) reduced
during rapid lengthening-shortening and rapid shortening and significant (P<0.0001)
differences were observed between conditions in the average range of motion. The
velocity of movement analysed over combined lengthening and shortening phases of the
contraction was significantly different between conditions. Specifically, the velocity of
muscle shortening and lengthening was significantly (P<0.0001) increased during the
first, second, third and last repetition of rapid lengthening-shortening (Table 2.2). The
velocity of muscle shortening during the first three repetitions of rapid shortening was
significantly (P<0.0001) different to traditional resistance exercise and equivalent to
rapid lengthening-shortening by the last repetition (Table 2.2). No significant difference
in the velocity of muscle lengthening was observed between rapid shortening and
traditional resistance exercise.

A more discrete assessment of velocity and force during lengthening and shortening
was performed in the first and last repetitions of each condition (Figure 2.4). Analysis
of the first repetition indicates that the elevation (p<0.0001) in limb velocity was not
uniformly distributed throughout the entire elbow flexion range of motion, but was
observed only in the first 15% of limb displacement when compared to rapid shortening
(Figure 2.4b). This result suggests that our heavy load rapid lengthening-shortening
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Table 2.1 Kinematic analysis of movement during the three exercise conditions.

Variable

RS

RLS

TR

6.0 ±2.0

7.5 ±2.2

6.0 ±2.0

17.3 ±1.5†

14.8 ±1.7†

25.1 ±2.7

Velocity (m·s -1)

0.25 ±0.03†

0.38 ±0.01‡

0.16 ±0.00

Range of motion (°)

105.7 ±1.5†

109.4 ±1.7‡

100.2 ±1.3

Work (J)

576.3 ±62.4

751.7 ±69.8

550.7±67.7

Repetitions
Time under tension (s)

Notes: Data represents each full set of exercise during rapid shortening (RS), rapid
lengthening-shortening (RLS) and traditional (TR) resistance exercise conditions.
Repetitions, time under tension, velocity, range of motion and work data denote
averages per set in each condition. † = significant difference from traditional (TR)
resistance exercise, ‡ = significant difference from traditional resistance (TR) exercise
and rapid shortening (RS). Data represent mean ± SE. Significance is set at p<0.05.
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Table 2.2: Lengthening and shortening velocity during the first, second, third and last
repetitions

Velocity (m·s-1)

RS

RLS

TR

Repetition one

0.37 ±0.02†

0.45 ±0.03‡

0.20 ±0.01

Repetition two

0.34 ±0.02†

0.42 ±0.03‡

0.20 ±0.01

Repetition three

0.32 ±0.02†

0.40 ±0.03‡

0.19 ±0.01

Last repetition

0.22 ±0.02†

0.25 ±0.02†

0.14 ±0.01

Repetition one

0.19 ±0.01

0.56 ±0.04

0.18 ±0.01

Repetition two

0.22 ±0.02

0.57 ±0.04

0.16 ±0.01

Repetition three

0.25 ±0.02

0.59 ±0.05

0.17 ±0.01

Last repetition

0.26 ±0.02

0.53 ±0.05

0.18 ±0.00

Shortening

Lengthening

Notes: Data represents muscle shortening and lengthening in isolation during rapid
shortening (RS), rapid lengthening-shortening (RLS) and traditional (TR) resistance
exercise conditions. † = significant difference from traditional (TR) resistance exercise,
‡ = significant difference from traditional resistance (TR) exercise and rapid shortening
(RS). Data represent mean ± SE. Significance is set at p<0.05.
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Figure 2.4 Movement velocity relative to the total distance displaced in the a) eccentric
phase of the first repetition, b) concentric phase of the first repetition, c) eccentric phase
of the last repetition and d) concentric phase of the last repetition, during rapid
lengthening-shortening (RLS), rapid shortening (RS) and traditional resistance exercise
(TR).
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muscle activation may have benefited from the release of stored elastic energy in
muscle fibres and tendinous tissues, observed during stretch shortening muscle
activation (Finni et al., 2001; Kawakami et al., 2002). The increase in concentric
movement velocity observed during the initial stages of concentric movement during
rapid lengthening-shortening may have been facilitated by a concurrent decrease in the
duration of amortisation (Figure 2.5).

Peak acceleration recorded over 100ms was significantly (P<0.0001) greater during
rapid lengthening-shortening (5.64 ±0.43 m·s -2) and rapid shortening (4.61 ±0.24 m·s -2)
when compared to traditional resistance exercise (2.98 ±0.21 ·m
s

-2

). No differences in

peak acceleration during shortening were observed between rapid shortening and rapid
lengthening-shortening.

Acceleration rates

during lengthening,

were however

significantly (P<0.0001) increased during rapid lengthening-shortening (8.76 ±0.7 m·s 2

) when compared to rapid shortening (2.35 ±0.18 m
·s

-2

) and traditional resistance

exercise (2.56 ±0.2 m·s-2).

The force profile of the first and last repetitions is highlighted in Figure 2.6. Force
during traditional resistance exercise remained consistent throughout shortening and
lengthening phases until the point of task failure. Peak force in all conditions was
observed during the final 5% of eccentric movement and the first 5% of concentric
movement. In the first repetition peak force was greater (p<0.0001) during eccentric and
concentric phases of rapid lengthening-shortening when compared to rapid shortening
and traditional resistance exercise (Figure 2.6a and b). Force output during the first 5%
of eccentric movement was initially lower (P=0.0023) during rapid lengtheningshortening when compared to the first 50% of rapid shortening eccentric movement and
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Figure 2.5: Duration of the amortisation phase in rapid lengthening-shortening (RLS),
rapid shortening (RS) and traditional resistance exercise (TR). ‡ = Significantly
different to rapid shortening and traditional resistance exercise. † = Significantly
different to traditional resistance exercise. Significance is set at p<0.05.
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Figure 2.6: Force generated during the a) eccentric phase of the first repetition, b)
concentric phase of the first repetition, c) eccentric phase of the last repetition and d)
concentric phase of the last repetition, during rapid lengthening-shortening (RLS), rapid
shortening (RS) and traditional resistance exercise (TR).
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the first 45% of traditional resistance exercise (Figure 2.6a). However, a significant
increase in force was observed in the last 30% (70-100%) of rapid lengtheningshortening eccentric movement when compared to rapid shortening and traditional
resistance exercise.

Similar to the first repetition, eccentric force output during the last repetition of rapid
lengthening-shortening was significantly decreased (p<0.001) and remained depressed
for the first 25% of rapid lengthening-shortening movement, but was significantly
greater over the final 30% of movement (Figure 2.6c). Concentric force also remained
greater (P=0.0039) during the first 5% of rapid lengthening-shortening when compared
to rapid shortening and traditional resistance exercise (Figure 2.6d). A sharp drop in
force output was observed in the final stages of the last concentric repetition in all
conditions, which we suspect was due to fatigue related decline in force generating
capacity.

Instantaneous peak power (W) was significantly (P=0.0001) greater during rapid
lengthening-shortening (471.8 ±65.6W) than that observed during rapid shortening
(307.7 ±59.7W), further highlighting the benefit of a preceding phase of rapid
lengthening to maximise stored elastic energy during muscle shortening. Peak power
during rapid lengthening-shortening and rapid shortening, were each significantly
(P=0.0001) greater than the peak power observed during traditional resistance exercise
(129.8 ±15.3W).

2.3.4 Electromyography (EMG)
Electromyographic data were recorded throughout each of the experimental conditions.
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The first, second, third and last repetitions were assessed and variables of root mean
square and mean frequency extracted.

2.3.4.1 Root mean square amplitude
No significant differences in EMG root mean square amplitude were observed between
rapid lengthening-shortening, rapid shortening and traditional resistance exercise during
the concentric phase of contraction. A significant difference was however observed
between these conditions in average biceps brachii root mean square amplitude in the
first, second, third and last repetitions of muscle lengthening. Normalised to the first
eccentric repetition of traditional resistance exercise, intramuscular biceps brachii
average EMG root mean square was significantly increased over the lengthening phases
of the second (p=0.0055) third (p=0.0023), and final (p=0.0011) repetition during rapid
lengthening-shortening compared to rapid shortening and traditional resistance exercise
(Figure 2.7a).

In repetitions one and two, surface biceps brachii EMG root mean square amplitude
was significantly increased (p=0.0147, and p=0.0139) during rapid lengtheningshortening in comparison to traditional resistance exercise, and in the third and last
repetitions (p=0.0027, and p=0.0025) of rapid lengthening-shortening in comparison to
traditional resistance exercise and rapid shortening. No significant differences were
observed in peak intramuscular, surface biceps or triceps brachii or average triceps
brachii EMG root mean square amplitude between conditions (Figure 2.7b).

A significant increase in average surface biceps brachii EMG root mean square
amplitude between the first and last repetitions respectively, was observed during both
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Figure 2.7: Electromyographic root mean square amplitude data recorded from
intramuscular (a) and surface electrodes (b) at the biceps brachii during muscle
lengthening of rapid shortening (RS), rapid lengthening-shortening (RLS) and
traditional resistance exercise (TR). Data are normalised to the first repetition of
traditional resistance exercise. ‡ = Significantly different to rapid shortening and
traditional resistance exercise. † = Significantly different to traditional resistance
exercise. Significance is set at p<0.05.
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eccentric and concentric phases of rapid lengthening-shortening (60.1 ±16.4%, 48.2
±16.1%), rapid shortening (44.5 ±10.9%, 28.2 ±13.3%) and traditional resistance
exercise (39.2 ±8.6%, 31.0 ±7.2%). A significant increase in concentric surface triceps
brachii EMG root mean square amplitude from first to last repetitions was observed in
traditional resistance exercise (24.0 ±5.4%) but no change was observed during rapid
lengthening-shortening or rapid shortening with fatigue. No change in triceps brachii
EMG root mean square amplitude was observed during muscle lengthening from first to
last repetitions in rapid lengthening-shortening, rapid shortening or traditional resistance
exercise.

2.3.4.2 Mean Frequency
A significant decrease in intramuscular (200.7 ±13.9 – 145.8 ±11.0Hz, 196.8 ±7.4 144.4 ±13.5Hz, 205.4 ±10.1 – 154.0 ±15.4Hz) and surface biceps brachii (90.6 ±3.8 –
61.9 ±2.7 Hz, 87.3 ±4.4 – 64.0 ±2.8 Hz, 79.1 ±2.0 – 61.9 ±2.3Hz) and surface triceps
brachii (82.0 ±2.9 – 58.1 ±3.3Hz, 80.5 ±3.5 – 59.5 ±3.1Hz, 75.6 ±3.3 – 62.3 ±5.3Hz)
mean frequency was observed from first to last repetitions during the concentric phase
of rapid lengthening-shortening, rapid shortening and traditional resistance exercise
respectively.

Similarly, a significant decrease in intramuscular (185.7 ±17.4 Hz, 124.9 ±15.2 Hz,
203.2 ±16.8 Hz, 159.1 ±11.0 Hz), and surface biceps brachii (70.4 ±4.2 Hz, 54.5 ±3.4
Hz, 74.1 ±3.5, 55.6 ±2.9 Hz) and surface triceps brachii (65.7 ±4.1 Hz, 54.5 ±4.2 Hz,
67.6 ±4.9 Hz, 54.7 ±4.1 Hz) mean frequency was observed from first to last repetitions
during the eccentric phase of rapid lengthening-shortening and rapid shortening
respectively. A decrease in intramuscular (204.1 ±16.7 Hz, 145.3 ±11.8 Hz) was also
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observed during traditional resistance exercise, however no significant change over time
was detected from the surface biceps brachii (70.1 ±2.8 Hz, 63.1 ±9.1 Hz), or surface
triceps brachii (66.3 ±5.1 Hz, 59.7 ±11.4Hz) during the eccentric phase of muscle
contraction.

No significant interaction in mean frequency was observed during the first, second,
third or final repetitions within either eccentric or concentric phases of contraction
between the three conditions.

Electromyographic mean frequency values were assessed as previous investigations
have reported a correlation with muscle fibre conduction velocities and a decline in
mean frequency as muscle fatigue progresses (Arendt-Nielsen & Mills, 1985, 1988;
Arendt-Nielsen et al., 1989; Gerdle et al., 2000b; Potvin & Bent, 1997). However,
during dynamic movements, the relative position of the electrode shifts in relation to the
underlying muscle fibres. The assessment of spectral frequencies from surface
electrodes may not therefore represent a change in neural drive, as conduction velocities
of motor units decrease as muscle lengthens, and differ across the proportion of motor
units within the same muscle (Kossev et al., 1992; Morimoto, 1986). Mean frequency
data will not therefore be discussed.

2.4 DISCUSSION
The aim of this study was to determine the effect of contraction velocity during nonballistic resistance exercise using a relatively heavy mass. We observed that heavy-load
non-ballistic

rapid

lengthening-shortening
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elbow

flexion

exercise

displayed

characteristics consistent with ballistic stretch shortening cycle muscle activations,
influencing the kinematics, kinetics of movement and eccentric electromyographic
amplitude.

A novel finding from this investigation was an elevation of eccentric root mean square
amplitude during heavy (85% 1RM) rapid lengthening-shortening compared to rapid
shortening and traditional resistance exercise. The null hypothesis presented in 1.6.1.1
indicating that electromyographic activity would not differ between conditions is
therefore rejected. An increase in electromyographic root mean square activity during
sub-maximal contractions is indicative of an increase in neural drive (Moritani et al.,
1986). Our results therefore suggest that the type of muscle activation strategy
employed can have a significant impact upon acute neural drive during heavy load
single joint dynamic resistance exercise.

Motor unit activity is influenced by the velocity of muscle contraction, relative external
resistance, and level of induced fatigue (Bigland-Ritchie, 1979; Carpentier et al., 2001;
Desmedt & Godaux, 1977; Hakkinen et al., 2000a; Van Cutsem et al., 1998). Within
this investigation all conditions were performed using the same relative external load
and to task failure. Two conditions, rapid shortening and rapid lengthening-shortening
required fast concentric muscle activation. Rapid concentric muscle activation is known
to elevate motor unit discharge rates and reduce motor unit recruitment thresholds
(Bigland & Lippold, 1954b; Desmedt & Godaux, 1977, 1978; Nakazawa et al., 1993;
Pasquest et al., 2006; Tax et al., 1989). However, no significant differences were
observed between conditions during the concentric phase of contraction.
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Previous investigations have observed increased concentric agonist muscle activity
during ballistic versus non-ballistic stretch shortening resistance exercise (Newton et
al., 1996). However, unlike Newton et al (1996), all conditions within this investigation
involved both lengthening and shortening movements, with only the displacement
velocity modified. Under these conditions we observed a significant increase in average
biceps brachii root mean square amplitude during muscle lengthening during rapid
lengthening-shortening, a finding consistent with ballistic stretch shortening cycle
muscle activation (Ishikawa & Komi, 2004). Thus, our findings suggest that increased
muscle lengthening velocity preceding muscle shortening, may facilitate eccentric EMG
amplitude of the biceps brachii rather than concentric muscle activation.

Eccentric limb velocities were ~4-5-fold higher during rapid lengthening-shortening
when compared to rapid shortening and traditional resistance exercise in the first
repetition. However, this considerable elevation in eccentric velocity during rapid
lengthening-shortening lead only to a transient elevation in the concentric velocity
displacement curve compared to rapid shortening. The shortening velocity during rapid
lengthening-shortening was augmented in the first 150 ms of shortening by 78%, 38%
and 24% at 5, 10 and 15% of displacement respectively, after which a merging of the
velocity curves with rapid shortening was observed. A period of pre-stretch
immediately preceding muscle shortening has been clearly shown to enhance concentric
velocity in ballistic stretch shortening cycle activations (Bosco & Komi, 1979; Cavagna
et al., 1968; Finni et al., 2001; Newton et al., 1997; Thys et al., 1972). The potentiating
influence of movement velocity is observed to occur in the first 200 ms seconds of
shortening (Chapman et al., 1985; Cronin et al., 2000; Wilson et al., 1991b). Consistent
with the force velocity relationship, we observed higher initial accelerations in rapid
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lengthening-shortening resulted in increased force generated in the first 5% of muscle
shortening compared to rapid shortening. However, as the velocity of movement
increased, force production relative to rapid shortening and traditional resistance
exercise declined (Cronin et al., 2003; Newton et al., 1997). This improved early
contractile performance during ballistic stretch shortening cycle muscle activations has
been attributed to the increased storage of potential energy during lengthening from
elastic components within the muscle-tendon complex and subsequent release during
muscle shortening (Finni et al., 2001; Komi & Bosco, 1978; Newton et al., 1997; Thys
et al., 1972).

Due to the nature of non-ballistic movement, deceleration at the end of the elbow
flexion activity in the current investigation resulted in a significant decline in force in
both rapid lengthening-shortening and rapid shortening conditions. In contrast, ballistic
stretch shortening cycle activations do not demand concentric deceleration and velocity
and force remains elevated throughout the duration of movement (Newton et al., 1996).
Peak force is generated during muscle lengthening when loads above 30% 1RM are
applied and a significant breaking force is required (Newton et al., 1997). In the current
investigation, the relative load was equivalent across all conditions, and the average
force generated during muscle lengthening was similar across conditions. However,
during rapid lengthening-shortening in the current investigation, the final 40% of
muscle lengthening demanded almost twice as much force to decrease the velocity of
the eccentric movement compared to rapid shortening and traditional resistance
exercise. In all conditions, peak force occurred in the last 5% of muscle lengthening and
the first 5% of muscle shortening, irrespective of eccentric and concentric displacement
velocities.
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The time period at which the velocity is zero between lengthening and shortening
phases of contraction, (the amortisation period) is critical for the potentiation of
shortening velocity and the economy of muscular work (Cavagna et al., 1965; Komi &
Bosco, 1978; Wilson et al., 1991b; Zameziati et al., 2006). We had anticipated due to
the relatively heavy external mass (85% 1RM), that our rapid lengthening-shortening
condition would not affect limb velocity, the duration of the amortisation phase, or force
output as observed during typical stretch shortening movements (Komi & Bosco, 1978).

A significant reduction in time spent in the amortisation phase was however observed
during rapid lengthening-shortening when compared to rapid shortening and traditional
resistance exercise respectively. An increase in the duration of amortisation was
observed from the first to last repetitions during rapid lengthening-shortening (38%),
rapid shortening (14%) and traditional resistance exercise (26%), but remained
significantly decreased during rapid lengthening-shortening. A reduction in the
amortisation phase, assists in the storage of elastic energy in the series elastic
component (non-contractile tissue attaching muscle to bone), consequently enhancing
force development during the concentric phase of muscle activation (Komi & Bosco,
1978; Thys et al., 1972).

The rapid muscle lengthening phase within the rapid

lengthening-shortening condition of this investigation may therefore have utilised
potential energy during rapid muscle lengthening, to enhance the velocity of shortening.
Our reported amortisation period of 8 ms during rapid lengthening-shortening, were
consistent with the 4 and 6 ms periods reported for ballistic stretch shortening cycle
activities such as running and sledge jumps (Bosco & Rusko, 1983; Zameziati et al.,
2006). It was surprising to see comparable amortisation periods for our heavy load
upper limb resistance exercise compared to the ballistic movement of others. Part of the
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similarity may be explained by a difference in the calculation of the amortisation period.
Zameziati et al. (2006) calculated amortisation using a 3% threshold of maximum
velocity, thus the limb was not stationary at the commencement or completion of
amortisation. In contrast, within this investigation the amortisation period was measured
only when velocity was zero. The significantly longer stationary periods between
eccentric and concentric muscle activation are associated with reduced concentric
potentiation, however despite a significantly increased amortisation period it is likely
potentiation of concentric velocity and force still occurs when combining muscle
lengthening and shortening in combination (Bosco et al., 1981; Cavagna et al., 1965; Ito
et al., 1983; Wilson et al., 1991a; Zameziati et al., 2006).

The decreased period of amortisation was likely enhanced by the velocity of eccentric
movement. An increase in eccentric movement velocity enhances concentric tension
development and electromyographic activity during loaded movements (Kawakami et
al., 2002; Newton et al., 1996; Newton et al., 1997; Takarada et al., 1997). The velocity
of concentric movement during rapid lengthening-shortening in the current study was
~25% higher than rapid shortening and ~120% higher than traditional resistance
exercise. Our results therefore suggest that even during heavy relative loading, the rate
of muscle lengthening can significantly facilitate the ensuing rate of muscle shortening.
However, no elevation in concentric electromyographic activity was observed.

An increase in force production during rapid lengthening-shortening has previously
been observed during ballistic resistance exercise (Newton et al., 1996; Newton et al.,
1997). In the current investigation, an increase in force output was also observed during
the initial stages of concentric movement during the non-ballistic movement examined.
92

In addition, the increased concentric movement velocity facilitated an increase in power
output during rapid lengthening-shortening, that was ~50% greater than rapid
shortening and ~350% greater than traditional resistance exercise.

A second component of this investigation was to examine the effect of fatigue during
repetitive elbow flexion. Each of the resistance exercise protocols was performed to task
failure. Movements which incorporate the stretch shortening cycle are more efficient
due to the increased utilisation of the series elastic component (Komi & Bosco, 1978;
Thys et al., 1972). However, in the current study, no significant differences were
observed in the number of completed repetitions between conditions, suggesting no
measurable increase in efficiency.

Previous investigations have not examined the kinematic and kinetic patterns of stretch
shortening resistance exercise activities in the upper-limb performed to volitional
repetition failure. Instead, the focus has been on a single repetition of the movement
(Cronin et al., 2002; Miyamoto et al., 2010; Newton et al., 1996; Newton et al., 1997).
We observed that volitional repetition failure resulted in significant changes in kinetic,
kinematic and muscle activation properties of the movement.

Repetition failure caused a decline and leftward displacement from 55% to 35% in the
peak displacement velocity curve during rapid lengthening-shortening. Thus, the
deceleration phase during eccentric lengthening in rapid lengthening-shortening was
occurring significantly earlier in the movement when approaching repetition failure. A
similar leftward shift was also observed in the force displacement curve. However, due
to the elongated period of deceleration, peak force levels, although significantly higher
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than rapid shortening and traditional resistance exercise, were markedly depressed by
the end of the lengthening movement. This prolonged period of deceleration with
fatigue permits sufficient time for the

generation of the necessary braking force

required to control limb range of motion, a characteristic observed in ballistic stretch
shortening cycle activities (Hortobagyi et al., 1991; Jaric et al., 1997).

The velocity displacement curve for all three conditions at repetition failure, was
characterised by a bimodal response; an initial elevation in velocity followed by a
decline, and then second elevation in velocity later in the movement. Such a response is
consistent with a sticking point in the movement (Elliot et al., 1989). Unexpectedly, in
the rapid shortening condition a significant increase in eccentric velocity was observed
at repetition failure, suggesting that subjects had lost some control in maintaining the
required pace of the lengthening movement. We wondered if subjects were attempting
to increase eccentric velocity in order to take advantage of enhanced force potentiation
for the concentric phase (Komi & Bosco, 1978).

A similar decrease in force was observed from the maximal voluntary contraction
performed following each exercise condition and force returned to similar levels prior to
the onset of each exercise condition. Accumulated fatigue was not therefore directly
apparent between trials, and an examination of the change in electromyographic activity
over time within conditions was therefore justified in the current investigation.

To our surprise, average surface biceps brachii electromyographic root mean square
amplitude increased significantly during fatiguing contractions to repetition failure in all
conditions, suggesting an increase in muscle activation and possibly also an elevated
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neural drive (Duclay et al., 2011; Gandevia et al., 1998; Potvin, 1997). The change in
surface EMG is validated as an indicator of fatigue representative of additional motor
unit recruitment and increased rates of discharge (Christensen et al., 1995; Christova &
Kossev, 1998; Garland et al., 1994; Gerdle et al., 2000a; Maton, 1981). We had
anticipated that, during rapid lengthening-shortening and rapid shortening, that
voluntary drive would have been sufficient to elicit peak concentric root mean square
amplitude at the commencement of the fatiguing exercise bout (Gandevia et al. 1998).
No difference in surface electromyographic activity was however observed when the
final repetition was compared between each of the three conditions suggesting motor
unit activity was equivalent in all conditions immediately prior to task failure.

Similarly, average concentric triceps brachii electromyographic root mean square
amplitude significantly increased during traditional resistance exercise, suggestive of
increased muscle co-activation with fatigue (Psek & Cafarelli, 1993). In contrast, no
change in average electromyographic root mean square amplitude was observed during
rapid lengthening-shortening or shortening. Rapid muscle contractions are known to
increase antagonist muscle activity providing greater joint stability (Hagood et al.,
1990). This may suggest that rapid lengthening-shortening and rapid shortening had
increased triceps brachii muscle activation in the initial repetitions. However, analysis
of the respective repetitions between conditions did not detect any significant difference
in agonist, or antagonist root mean square amplitude.

In the current study, no change in biceps brachii intramuscular root mean square
amplitude was observed in any conditions. An increase in intramuscular root mean
square amplitude is observed during sustained force tasks of 50% MVC, however a
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decrease is observed during maximal force tasks (Moritani et al., 1986). However,
intramuscular electrodes are shown to be less sensitive to a change in amplitude over
time (Rudroff et al., 2008). Our intramuscular data may therefore reflect the reduced
sensitivity of the intramuscular electrode during fatigue and, or an effect of the high
relative loading we utilised in the current study.

Additionally, one should consider the limitations of the current study when interpreting
the electromyographic data presented. The surface EMG data collection techniques
employed in the current study were in line with published guidelines that have been
used extensively within the literature (Cram et al., 1998; Hermens et al., 2000;
Leedham & Dowling, 1995; McBride et al., 2003; Semmler et al., 1999). Surface EMG
data may however have been affected by the location of the electrodes with respect to
the innervation zones (Farina et al., 2004). This is difficult to avoid without prior
identification, as some subjects have more than one innervation zone in the biceps
brachii, and the location of the innervation zone may vary between subjects (Masuda et
al., 1983, 1985). The intramuscular EMG data collected was chosen as an area
identified as most active during elbow flexion (Ter Haar Romeny et al., 1984).
However, only one wire was inserted, thus data was collected from only a very small
portion of muscle. Multiple electrode insertions would provide a greater representation
of muscle activity allowing stronger conclusions to be drawn (Moritani et al., 1986; Ter
Haar Romeny et al., 1984). One should therefore consider the issues related to surface
and intramuscular data collected when interpreting the electromyographic data
presented in the current thesis.
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2.5 CONCLUSION
To our knowledge this is the first investigation to study the kinematics, kinetic and
muscle activation properties of non-ballistic upper-limb stretch shortening cycle muscle
activations performed to repetition failure, and this is a muscle contraction that is
routinely used during resistance training regimens. We observed that despite significant
decelerations of the limb during muscle shortening, many of the characteristics
associated with ballistic stretch shortening cycle exercise, (the focus of considerable
previous research) were also seen during non-ballistic resisted exercise. For example,
we found elevated eccentric velocities during non-ballistic stretch shortening cycle were
associated with a potentiation of both eccentric and concentric peak force and
movement velocity, despite average force and velocity remaining similar between
groups, and an elevation in eccentric EMG root mean square amplitude of the agonist.
These findings are of practical interest as it is known that increased tensile loading
particularly during the muscle lengthening is a potent stimulus for skeletal muscle
adaptation. However, as volitional repetition failure approached the potentiation of force
and movement velocity were significantly diminished during non-ballistic stretch
shortening cycle muscle activations suggesting completion of repetitions to task failure
may be less important.

An investigation into skeletal muscle adaptation during a resistance exercise
intervention utilising heavy load rapid lengthening-shortening muscle activation is
therefore considered necessary and forms Chapters Four and Five of this thesis.
However, it was first considered necessary to examine inter-subject variability within
the cohort recruited for these investigations and this is the focus of the following
Chapter.
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CHAPTER THREE:
INTER-SUBJECT VARIABILTY DURING
RESISTANCE TRAINING
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ABSTRACT
It is well established that an individual’s previous resistance training experience can
significantly influence responsiveness to subsequent resistance training. Yet, significant
inter-subject variability remains amongst subjects with limited resistance exercise
experience. Within this investigation, we evaluated current methods used within the
published literature to minimise inter-subject variability. Twenty-eight untrained male
subjects completed four weeks of standardised elbow flexion-extension resistance
training. High and low responding subjects were identified on the basis of relative 1RM
strength gain and retrospectively, a significant (P<0.05) difference in 1RM strength gain
between high (25.1 ±1.4%) and low (9.5 ±1.4%) responding groups was observed.
Electromyographic root mean square increased to a significantly greater extent within
high- (29.5 ±8.3%), compared to low- (2.4 ±6.0%) responders during the four-week
period of standardised resistance exercise. The variability in 1RM strength gain was
therefore closely associated with the corresponding neural adaptation. Baseline one
repetition maximum (1RM) strength was identified as significantly (P<0.01) greater in
the low- (19.7 ±0.9 kg) compared to high- responders (15.6 ±0.7 kg) prior to the fourweek standardised training period. In our hands, a retrospective analysis of subjects
assigned into three groups according to baseline strength introduced a statistically
significant bias after four weeks of standardised resistance training. That is, one of the
treatment groups incorrectly appeared to induce a superior adaptation response. In this
investigation, an equal number of high- and low- responders identified after the fourweek standardised training period were assigned across three treatment groups for a
further 12 weeks of training. No significant differences were observed between
treatment groups during this 12-week period of training. It was therefore considered
appropriate to exam the adaptation responsiveness of high and low responding groups
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and we observed similar 1RM strength gains between the initially high (29.6 ±1.7%)
and low (31.4 ±2.7%) responding groups in response to the 12-week period of training.
In this investigation, significant inter-subject variability in 1RM strength gain was only
observed during the first four weeks of resistance exercise, and were primarily
accounted for by the initial 1RM strength capabilities of subjects.

3.1 INTRODUCTION
In Chapter Two of this thesis, an increase in force output and electromyographic activity
was observed when rapid muscle contractions were performed during heavy load
resistance exercise. It was therefore considered appropriate to examine skeletal muscle
adaptation during a longitudinal resistance exercise intervention utilising heavy loads
and rapid muscle contractions. However, the outcomes from resistance training
investigations may be masked or exaggerated if subject selection and treatment
allocation have a bias favouring low- or high-responders (respectively). It is therefore
essential to control any such bias prior to proceeding with a training regimen as outlined
in Chapters Four (dominant limb) and Five (contralateral limb).

Subject variability is a characteristic of all forms of physiological adaptation, and may
even be genetically determined (Clarkson et al., 2005; Pescatello et al., 2006; Thomis et
al., 1998b). It is well known that some individuals are very responsive to resistance
exercise, whilst others show little adaptation with differences observed in one repetition
maximum (1RM), maximal voluntary contractile (MVC) strength and muscle growth
(hypertrophy) in response to an identical period of training (Hubal et al, 2005;
Pestcatello et al, 2006). An individual’s relative resistance training experience and
correspondingly phonotypical characteristics, have been directly shown to significantly
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influence the effectiveness of subsequent resistance training (Ahtiainen et al, 2003a).
One should therefore consider measures to reduce inter-subject variability when
attempting to quantify a treatment effect.

In the past, some researchers have recognised this design limitation. Many consider an
individual’s training status, and recruit and group subjects on the basis of prior training
history, to assist in defining the physical status of subjects. For example, resistance
training interventions often classify subjects as untrained if they have not participated in
resistance training for a 6-12 month period prior to the experimental intervention (Bird
et al., 2006; Munn et al., 2005a; Willoughby & Rosene, 2001). Considering resistance
training histories alone may, however, not be adequate as inter-subject variability
remains high (Hubal et al., 2005).

Consequently, subjects are often recruited on the basis of resistance training history and
then assigned to experimental treatment groups, according to pre-experimental
similarities in morphological and, or isometric, isokinetic and isotonic strength
attributes (Cribb et al., 2007; Folland et al., 2002; Kraemer et al., 2004; Moss et al.,
1997; Paddon-Jones et al., 2001). However, the effectiveness of this strategy to ensure
that experimental groups display similar response rates has not been evaluated. The
primary aim of the current experiment was therefore to examine the rigour of this
control method.

Periods of active (Campos et al., 2002; Kraemer et al., 1998; Staron et al., 1994; Staron
et al., 1991) or inactive (Hakkinen et al., 1998; Newton et al., 2002) control have also
been included by some, prior to commencing a resistance exercise intervention. This
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design feature allows one to control recent resistance exercise experience. An active
control period of resistance exercise may further standardise the neural adaptation that is
observed during resistance exercise. Strength gains are predominantly determined by
neural adaptations over the first four weeks of resistance exercise (Moritani & DeVries,
1979). An important neural adaptation is the ability to coordinate and control movement
(Rutherford & Jones, 1986). However, any skeletal muscle adaptation that may occur
during a period of active control has not been previously reported. The second aim of
the current study was therefore to evaluate neural adaptation via electromyography and
strength adaptation via 1RM following a four-week period of standardised resistance
exercise.

Incorporating methods to control inter-subject variability in strength adaptation were
imperative within the current thesis. It was considered that an active control period of
standardised resistance exercise would significantly reduce inter-subject variability to a
subsequent period of resistance exercise. A four-week period was chosen in an attempt
to standardise neuromuscular adaptation and coordination in the early phase of
resistance exercise and the adaption is discussed within the current Chapter. Following
this period of standardised resistance exercise, subjects were classified as either high- or
low-responders on the basis of their 1RM strength, and were equally distributed
amongst three experimental groups for a further 12-week supervised resistance training
period (Chapter Four).

The classification of a subject’s training history by resistance exercise alone ignores a
subject’s prior endurance training history and current occupational demands. It is well
known that resistance and endurance training histories exert separate and interrelated
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influences on strength adaptation, and concurrent endurance training can affect strength
adaptation (Bell et al., 2000; Dudley & Djamil, 1985; Glowacki et al., 2004; Sale et al.,
1990). However, we are unaware of any research that has formally reported on this
interaction when recruiting and assigning subjects for resistance training experiments.
Accordingly, the third aim of this experiment was to examine the effect of previous
endurance-based exercise and physical activity patterns, on the adaptive responses
observed during subsequent resistance training.

In order to reduce inter-subject variability, the results of this paper suggest that one
should distribute subjects to ensure that the mean strength capabilities of each group are
equal. The period of standardised resistance exercise reduced variability further and the
1RM strength gain observed was shown to be influenced by endurance and habitual
activity patterns, each may therefore be considered as additional measures of control if
one wishes to reduce inter-subject variability.

3.2 METHODS

3.2.1 Subjects
Twenty-eight untrained males, who had not participated in resistance exercise for a
minimum of six months, completed this project, following the provision of written,
informed consent. Subjects also completed physical activity and medical history
questionnaires (Appendix B). All procedures were approved by the Human Ethics
Research Committee (University of Wollongong, Appendix D).
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3.2.2 Experimental design
This investigation was part of a larger study (Chapters Four and Five) that determined
the effect of three different 12-week training regimens on strength adaptation in the
exercised and contralateral limb. However, within this investigation we explored the
effect of equally distributing subjects prior to a 12-week training regimen on the basis
of their responsiveness to a preceding four-week period of pre-training. No significant
differences in 1RM strength gain were observed between the three experimental groups
following the 12-week training period on the dominant (Chapter Four), or contralateral
(Chapter Five) limbs. It was therefore considered appropriate to track the
responsiveness of high and low responding subjects. Thus within the present Chapter
the strength adaptations observed in high and low responding groups within the
standardised training period (week 0-4) are first discussed. In addition, the three
experimental groups (Chapter Four and Five) were collapsed and herein we report on
the adaptation responsiveness of the high and low responding groups across the
experimental (weeks 4-16) and combined training periods (week 0-16).

A four-week standardised resistance exercise training period (weeks 0-4) preceded a
further 12 weeks of resistance exercise (weeks 4-16) utilising a relatively heavy 85%
1RM load. The experimental design is shown in Figure 1.4. Over the four-week
standardised training period, all subjects were required to perform four sets of unilateral
(dominant limb) elbow flexion exercise three times per week, with the load increasing
by 10% each week from 50% to 80% of 1RM. In weeks one and two of standardised
training, a fixed number of repetitions per set (15 and 12) were completed, and in weeks
three and four, subjects completed all exercise sets to task failure.
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The dominant and contralateral elbow flexion strength (1RM) assessments performed at
week four, directly preceded the 12-week training phase and were repeated following
the 12 week experimental training period in week-16. In addition, dominant limb 1RM
strength assessments were carried out concurrently with resistance training during the
12-week training period (weeks 8 and 12). In these assessment weeks, two strength
maintenance sessions were scheduled, and one session was dedicated to the evaluation
of elbow flexor strength. Muscle cross-sectional area assessments were performed after
standardised resistance exercise (week 4) and again after 12 weeks of training (week
16).

The four- and 12-week training periods each employed the same task; unilateral
dominant limb, supinated elbow flexion and extension, from a supine position. A leather
wrist strap connected subjects to a weight stack, via a steel cable instrumented with a
1000 N load cell and shaft encoder. A 160°-60° range of motion was determined using a
custom made electronic goniometer running laterally to the medial epicondyle of the
humerus. Guide bars were subsequently fixed to the exercise bench to assist subjects
through the desired 100° range of motion. An illustration of the experimental position is
provided in Chapter Two (Figure 2.1).

Elbow flexion strength (1RM) assessments were performed on the trained (dominant)
and the untrained (contralateral) limb at baseline and after the four-week standardised
training period (weeks 0-4). Surface electromyography assessed muscle activation in the
biceps brachii, triceps brachii, anterior deltoid and upper trapezius during these 1RM
strength assessments. High- and low-responders were differentiated via the increase in
1RM strength obtained during the standardised resistance exercise period. The
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individual 1RM strength gains of each subject were collated and the greatest degree of
separation, located between the 25th and 75th percentiles determined. As a result, high
responders were defined on the basis of a 1RM strength ≥18%
gain following the
standardised training period, and all other subjects were deemed to be low responders.
This classification permitted the deliberate distribution of equal numbers of high- and
low-responders across three groups, for the subsequent 12-week training phase.

During the 12-week experimental training period, all three groups performed four sets
of resistance exercise at 85% of 1RM, three times per week. Exercise groups were
however differentiated by the inclusion or absence of task failure, and by the velocity at
which concentric and eccentric phases of the contraction were performed. Further
details, including a full description of these three training groups and the results of the
12-week training period are discussed in Chapter Four of this thesis. Throughout the
four and 12-week training periods, training sessions were scheduled on alternate days.

3.2.3 One repetition maximum
Initially, subjects were asked to select a load that they felt they could comfortably
perform a single elbow flexion-extension repetition in the experimental position (Figure
2.1). Following this repetition, subjects were asked to estimate how many more
repetitions they felt could have been completed using the same load. Subsequently, the
experimenter adjusted the load by 0.25-5.0kg based on the subject’s estimation using
published tables for reference (Beachle & Earle, 2000). This process continued until
1RM was determined as the highest successful single repetition completed unassisted
through the full range of motion (60-160°) to the closest 0.25 kg. An average of 5.2 SD
2.3 attempts, were required to attain a 1RM load. All subjects rested for a minimum of
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two-minutes between each 1RM attempt. Range of motion was recorded via the shaft
encoder with a resolution of 1000 pulses per revolution (E6C2-CWZ6C-1000, Omron,
Minato-ku, Tokyo, Japan).

3.2.4 Electromyography
Surface electrodes (Ag/AgCL contact diameter 15 mm) were adhered to the biceps
brachii, triceps brachii, anterior deltoid and upper trapezius. All electrodes were
located in line with the direction of the muscle fibre and positioned on the muscle in
line with published guidelines (Cram et al., 1998). The biceps brachii electrodes were
located midway between the acromion process and elbow crease, and triceps brachii
electrodes central to the muscle belly of the medial head. The biceps brachii is a multiarticular muscle crossing the glenohumeral, humeroradioulna and proximal radioulna
joints. Thus movement of any of these joints may contribute to force production
attributed to the biceps brachii. Therefore movement of the proximal radioulna joint
was controlled by maintaining the forearm in supination, shoulder joint complex
stabilisation was assessed by monitoring electromyographic root mean square
amplitude in the anterior deltoid (glenohumeral

joint) and upper trapezius

(scapulothoracic joint). Surface electrodes were located on the anterior deltoid 4 cm
below the clavicle, and on upper trapezius, along the ridge of the shoulder halfway
between the cervical spine and the acromion.

Electrode positions were marked with henna dye and maintained throughout the
duration of the experiment, to ensure consistent electrode placement during subsequent
measurements. Electromyographic signals were pre-amplified with a low frequency cutoff (3 Hz), amplified (×1000), and high (10 Hz) and low (500 Hz) band pass filtered
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(Neurolog 844, 820, 144, 135, Digitimer Neurolog, Hertfordshire, U.K.). These filters
are within the range identified by the international society of electrophysiology and
kinesiology and are advised if one wishes to reduce motion artefact (Gerdle et al., 1999;
Merletti, 1999). Data were collected at 2000 Hz per channel, and processed via an
analogue to digital converter (Power 1401, Cambridge Electronic Design, Cambridge,
U.K.) using Spike 2 software (Ver 5.13, Cambridge Electronic Design, Cambridge,
U.K.), and stored on computer. Data were analysed using Spike 2 software.
Electromyographic mean root mean square (mV) data were determined via a series of
250 ms windows with a 50% overlap, scrolling through the entire duration of the 1RM.
Baseline root mean square values were expressed as 100% and all changes in root mean
square data, are reported relative to normalised baseline values.

3.2.5 Muscle cross-sectional area
Cross-sectional area of the elbow flexors was recorded in twenty-five subjects (13 highand 12 low-responders), by a radiologist experienced in magnetic resonance imaging
(MRI), using Turbo Spin Echo, T2 images (1.5 T Philips Intera, Philips Healthcare, Da
Best, Netherlands). A total of 46 slices were recorded (thickness 6.35 mm, with 1 mm
inter-slice gap). Each subject was positioned supine and the coil positioned such that the
superior margin of the coil was level with the acromioclavicular joint. Imaging
commenced at the superior portion of the humeral head, extending distally along the
length of the muscle. Previous investigations have included three MRI scans central to
the biceps brachii, justified by the belief that all muscle fibres pass through the muscle
belly (MacDougall et al., 1984). In the current investigation, seven DICOM MRI
images were chosen in an attempt to increase the likelihood of capturing all muscle
fibres. Images 20-26 were chosen as they were central to the muscle belly and were
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measured using commercially available software (3d-Doctor, Able Software
Corporation, Lexington, MA, U.S.A.). The biceps brachii and brachialis muscles were
traced, and the reported cross-sectional area is calculated from the combined areas of
both muscles, averaged across the seven images. All MRI images were recorded and
measured by the same experimenter.

3.2.6 Self reported physical activity
Prior to the standardised period of resistance exercise all subjects completed a habitual
physical activity questionnaire, designed as part of pre-exercise screening in the
Exercise Physiology Laboratories at the University of Wollongong. The questionnaire
consists of ten questions examining recreational and employment related levels of
physical activity. The data collected were retrospectively analysed to determine patterns
of physical activity in subjects identified as high- and low- responders.

3.2.7 Statistical analyses
A Two-Way repeated measures ANOVA was used to determine group by time main
effects. When significant interactions were detected, simple main effect analyses and
post hoc Bonferroni correction for multiple comparisons were applied. The distribution
of high- and low-responders amongst three groups prior to the 12-week training
intervention was achieved, via the percentage strength gain observed after the
standardised period of training (method 1). These equivalent distributions were
achieved by assigning subjects into 10 triplets, with each triplet representing three
subjects with approximately equal strength gains over the pre-experimental phase
(%∆1RM baseline – week 4). Using a random number generator, one member from
each triplet in succession, was assigned to each of the three treatment groups. To
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retrospectively assess the effectiveness of subject distribution, method 1 was compared
to the hypothetical distribution of subjects via baseline 1RM strength (Method 2). The
same triplet grouping method was utilised, but in method 2, was formed on the basis of
the 1RM ranking obtained at baseline. The two methods of subject distribution were
assessed via a second layer of analysis using ANCOVA, to identify the variance
observed as a consequence of initial 1RM strength and subject responsiveness after the
four- and 12-week periods of training.

Physical activity questionnaire responses were analysed in two ways; differences
between observed frequencies were analysed using the Chi-Square procedure, and a
Mann Whitney U-test was used to assess the variance between ranked responses of high
and low responders (Prism Ver. 5.00, GraphPad Software, San Diego California USA).
Data are reported as means ± SE, unless otherwise stated as standard deviation (SD). A
significant alpha level is set at p ≤0.05. All results relate to the distribution of high- and
low- responding subjects via method 1, unless a comparison between method 1 and 2 is
performed.

3.3 RESULTS
There were no significant differences in the general characteristics of the high and low
responding subjects: age (21.6 SD 4.4 and 25.9 SD 7.4 years), height (178.7 SD 7.8 and
180.2 SD 6.5 cm) or body mass (78.9 SD 13.3 and 81.3 SD 11.4 kg). However, selfreported exercise histories differed significantly between these classifications.
Responses to the habitual physical activity questionnaire are highlighted in Table 3.1.
Almost twice as many low-responders reported being habitually active, and engaged
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Table 3.1 Self–reported habitual physical activity responses in high- and lowresponders.

Area of physical activity

High

Low

Do you consider yourself habitually active?

7

13†

Does your employment involve physical work?

4

9†

~1 x /wk

~3 x/wk†

Frequency of vigorous endurance exercise?
Frequency of recreational / sporting physical activity?
Average time spent in a single exercise session?

~2-3 x/wk

~4-6 x/wk†

~40-50mins

≥60mins

Notes: N=14 high and N=14 low responders. Data for questions one and two represent
the number of individuals reporting a “yes” response. Questions three-five, were ranked
responses, considering the level of involvement in physical activity and highlights the
mean response category of high- and low-responders respectively. Habitual activity is
identified as “You are currently active, you have a long history of regular physical
activity, since turning 20 years, or for more than 10 years, and you exercise more than
three times per week at intensities greater than 50% of your maximal capacity. Vigorous
endurance exercise is identified as “60-70% of your maximal capacity for more than 30
minutes at a time”. † = significant difference between high and low responders.
Significance is set at p<0.05.
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within some form of physically demanding employment. Furthermore, such individuals
participated significantly more frequently within endurance exercise and recreational
and sporting activities. The 1RM strength gain observed in the current investigation
may therefore have been related to participation in physical activity other than
resistance exercise.

3.3.1 One repetition maximum strength gain
The 1RM strength gain (kg) observed amongst high- and low-responders throughout the
16-week experimental intervention is illustrated in Figure 3.1. The increase in 1RM
strength gain observed during the four-week standardised resistance exercise period
(weeks 0-4) was broad, with some subjects displaying no change in 1RM strength
capabilities, and others increases of more than 30%. A divergence in strength adaptation
was thus observed between subjects, despite an identical training stimulus, a significant
responder group by time interaction was identified as strength gains of 25.1 ±1.4% and
9.5 ±1.6% were observed in low and high responder’s 1RM respectively, after four
weeks of training. Following the categorisation of high and low responding groups, a
retrospective analysis of baseline 1RM, revealed significantly (P<0.01) greater initial
1RM strength in the low- compared to high-responders.

No significant difference in 1RM was observed between the high- and low-responders
during the 12-week training period (weeks 4-16). High-responders displayed a 29.6
±1.7% mean increase in 1RM strength within a range of 16.7-40.9% and median
adaptation response of 31.8%. Low-responders displayed a similar mean increase in
1RM strength of 31.4 ±2.7% within a range of 10.8-55.4% and median adaptation
response of 30.4%. Identification of the 1RM strength gain amongst all individuals
112

Figure 3.1 Trained limb one repetition maximum (kg) in high- and low-responders.
Strength assessments performed at baseline (week 0), on completion of the standardised
resistance exercise period (week 4), during (week 8 and 12) and on completion (week
16) of this resistance exercise intervention in high- and low-responders. Data represent
means ± SE. † = significant difference in 1RM strength gain between groups after
standardised resistance exercise (weeks 0-4); ‡ = significant difference in 1RM strength
gain between groups after 16 weeks of resistance exercise (weeks 0-16). Significance is
set at p<0.05.
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during the 12-week training phase, thus highlights a relatively uniform increase across
the whole cohort (Figure 3.1).

A pooled analysis of the total strength gain observed over the 16-week protocol,
revealed a significantly greater strength gain (P<0.0001; responder group by time) for
the high- (62.1 ±2.5%) compared to the low- (43.6 ±2.7%) responders. The difference
observed between high and low responding groups 1RM strength gain during the fourweek standardised period of resistance exercise (weeks 0-4), therefore significantly
affected the magnitude of the total strength gain observed over the 16-week protocol.

Elbow flexor function was also measured for the untrained, non-dominant
(contralateral) arm at baseline, and again following the four- and 12-week training
periods. Similar to the dominant limb, low responding subjects recorded significantly
greater 1RM strength (P<0.0207) in the contralateral limb (19.8 ±1.0 kg) compared to
high-responders (16.6 ±0.8 kg) at baseline. A pooled analysis revealed a significant
(P<0.0001) increase in contralateral strength from baseline of 8.6 ±1.4% after four
weeks of standardised resistance training, and 14.1 ±2.1% after the 12-week training
period. No significant interaction (P>0.05; responder group by time) was observed in
contralateral limb strength after the four-week standardised, or subsequent 12-week
training periods. The inter-subject differences in 1RM strength gain observed in the
dominant limb, were therefore not concurrently observed in the contralateral limb.

3.3.2 Hypothetical assignment of treatment groups
The standardised period of resistance training was used to ensure subjects were
distributed equally amongst groups prior to the 12-week training period. Subjects were
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distributed amongst three groups using the procedure outlined in 3.2.2. Consequently,
no significant interaction (P>0.05; treatment group by time) existed between the three
groups for 1RM strength gain and is presented in Method 1; Figure 3.2. Previous
investigations have equally distributed subjects across groups such that no significant
difference in baseline 1RM is observed (Cribb et al., 2007; Kraemer et al., 2004; Moss
et al., 1997). However, the effectiveness of this strategy in reducing inter-subject
variability is unclear. In the current investigation a retrospective assessment of subject
grouping on the basis of the 1RM ranking obtained at baseline was performed. The
distribution of subjects retrospectively via Method 2, ensured equivalent mean baseline
1RM strength amongst three groups. However, an analysis of these hypothetical
groupings in response to the four-week period of standardised resistance training,
indicated that a significant interaction (P=0.0412; treatment group by time) existed. One
of the three groups displayed increased strength gain after four weeks, despite
participating in an identical training intervention as the other two groups (Method 2,
Figure 3.2). The distribution of subjects by baseline 1RM strength may not therefore
control for differences in 1RM strength gain between subjects during resistance exercise
interventions lasting less than four weeks. Initial 1RM strength and the strength gain
observed during standardised resistance exercise, were consequently examined as
variables that may explain the variance in 1RM strength adaptation observed in the
current study.
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Figure 3.2 Random allocation of subjects via Method 1 and Method 2. The change in
1RM elbow flexion strength following after the four week standardised resistance
exercise is represented in method 1. The retrospective grouping via initial 1RM strength
at baseline, indicating the relative change in 1RM strength after the four week
standardised resistance training period is illustrated in method 2. Data represent strength
changes based on one repetition maximal tests presented as means ± SE. § = significant
between groups difference, variance not detected by post-hoc statistics. Significance is
set at p<0.05.
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3.3.3 Inter-subject variance in one repetition maximum strength
A large portion of the variance in 1RM strength gain (R2= -0.88 ±1.4) was explained by
the combined influence of baseline 1RM strength, and the magnitude of 1RM strength
gains that were observed during the four-week standardised resistance exercise period.
As independent measures, the increase in 1RM strength gain observed during the first
four weeks explained a significant portion of the variance in 1RM strength gain between
subjects and a significant correlation was observed (R2= -0.17). However, a greater
portion of the variance in 1RM strength adaptation was correlated with baseline 1RM
strength (R2= -0.85). A scatter plot to illustrate the relationship observed between
baseline 1RM strength and the increase in strength observed following 16 weeks of
resistance exercise is presented in Figure 3.3. These results indicate that the 1RM
strength gains are greater amongst subjects with initially low strength capabilities.

3.3.4 Electromyographic response
A significant interaction (responder group by time) was observed in the biceps brachii
root mean square of the dominant limb after standardised (P=0.0140, weeks 0-4) and
heavy load (P=0.0023, weeks 4-16) training phases respectively (Figure 3.4). After the
standardised period of training, high-responders displayed a significant increase in
agonist root mean square, whilst in low-responders agonist root mean square activity
remained unchanged. A significant increase (P=<0.0001) in antagonist triceps brachii
root mean square was observed, increasing within high- (42.1 ±12.0%) and lowresponders (8.1 ±7.7%). However, no significant interaction was observed. No
significant change in anterior deltoid or upper trapezius electromyographic root mean
square was observed in either high or low responding groups and no interaction was
detected between groups. The 1RM strength gain observed in high and low responding
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Figure 3.3. One repetition maximum (1RM), elbow flexion-extension strength recorded
at baseline (X-axis) plotted against the percent increase in 1RM observed after 16weeks of resistance exercise (Y-axis). Data represent data across the whole cohort. The
relationship observed between these two variables is reported as R2 = -0.85.
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Figure 3.4 Dominant limb biceps brachii root mean square change (%). Root mean
square recorded in high- and low-responders after standardised resistance exercise (0-4)
is expressed relative to baseline (week 0) and after the 12-week (4-16) resistance
exercise period, relative to week 4 values. Data represent means ± SEM. † = significant
difference from baseline (week 0); ‡ = significant difference from standardised
resistance exercise (week 4); § = significant difference between the high and low
responders. Significance is set at p<0.05.

119

groups during weeks 0-4 may therefore be related to the corresponding increase in
agonist electromyographic activity, indicative of neural adaptation.

In contrast to the changes observed after the four week standardised control period, after
completion of the 12-week training phase, the agonist root mean square for highresponders remained unchanged, and root mean square activity in low-responders
increased significantly. A significant increase in antagonist triceps brachii activity was
observed following the 12 week training period within high- (22.9 ±14.2%) and low(26.5 ±7.5%) responders, no significant interaction was observed. However, no
significant change in anterior deltoid or upper trapezius electromyographic root mean
square was observed in either group. The untrained contralateral limb displayed no
significant interaction in electromyographic activity (P>0.05; responder group by time)
in either the four-week or 12-week training phase.

3.3.5 Muscle cross-sectional area
The cross-sectional area of the elbow flexors (biceps brachii and brachialis combined)
was similar in high- and low-responders prior to (11.97 ±0.54 cm2, 12.90 ±0.63 cm2)
and after (13.22 ±0.53 cm2, 14.04 ±0.72 cm2) the 12-week resistance training period.
Muscle size increased significantly (P<0.0001) in high- (10.8 ±1.6%) and lowresponders (9.0 ±2.1%) after the 12-week training period, but no significant interaction
(P>0.05; responder group by time) was observed.

3.4 DISCUSSION
The current investigation is the first to confirm, that 1RM strength gains are closely
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related to baseline 1RM strength. Distributing subjects across experimental groups via
baseline 1RM may therefore minimise the impact of inter-subject variability upon
experimental outcomes. It is well established that individuals exhibit a wide range of
responsiveness to resistance training (Ahtiainen et al., 2003a; Hubal et al., 2005;
Kraemer et al., 2002). In the current study however, differences in 1RM strength gain
we observed were only apparent during the first four weeks of resistance exercise, a
period of training that was identical for all subjects. A small but statistically significant
portion of the variance in 1RM strength gain observed in response to the combined
four- and 12-week training periods was related to the magnitude of 1RM strength gain
observed during standardised resistance exercise (weeks 0-4). The null hypothesis
presented in 1.6.2.1, stating that a standardised control period would not provided any
additional control over inter-subject variability, is therefore rejected. However, the
initial 1RM strength capabilities of subjects were retrospectively identified as the major
source of variability.

Within the design of the current investigation, the inter-subject variation in 1RM
strength gain was examined with two novel design features. First, a four-week
standardised period of resistance training was applied and used to evaluate the
adaptation responsiveness of each subject, prior to a further 12 weeks of resistance
exercise. The inter-subject variability observed within this investigation (weeks 0-16)
was almost entirely explained by the differences in 1RM strength gain observed
between subjects during the standardised period of resistance exercise (weeks 0-4).
Previous investigators have used periods of non-active control, where subjects perform
pre-control strength assessments and maintain normal daily activities for three-four
weeks before completing a post-control strength assessment (Hakkinen et al., 1998;
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Newton et al., 2002). Furthermore, the inclusion of a standardised period of resistance
training prior to an experimental phase is not necessarily a novel practise. Active
periods of resistance exercise ranging from one-four weeks have also been considered,
incorporating familiarisation of training and testing procedures, and progressive
resistance exercise methods to prevent injury and minimise muscle soreness (Campos et
al., 2002; Dudley et al., 1991; Kraemer et al., 1998; Staron et al., 1994).

In the current investigation, 1RM strength gains were highly variable during the
standardised training period, but were similar amongst high- and low- responders during
the 12-week intervention. The extent of the variance observed in 1RM strength gain
amongst subjects in the first four weeks of the current study, significantly impacted
upon the total 1RM strength adaptation over the combined 16-week training period. A
second unique element of our design was the examination of strength gains observed
during the standardised period of training, and then counterbalancing adaptation
responsiveness across groups prior to the 12-week training phase. A control measure
others have not considered.

The results of our study therefore suggest that significant inter-subject variability may
exist within resistance exercise interventions that recruit an untrained subject group. A
feature of our design was to assess 1RM strength gains relative to the initial 1RM
strength capabilities of each group. Subject responsiveness was consequently observed
as a significant independent variable to explain some of the inter-subject variability in
the current study. A number of researchers allocate subjects to treatment groups
according to their pre-experimental strength at baseline (Cribb et al., 2007; Kraemer et
al., 2004; Moss et al., 1997; Rooney et al., 1994). In our hands, this approach resulted
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in the chance introduction of an adaptation bias within one of three groups after a fourweek training period. The treatment effect observed over such short periods of
resistance exercise may therefore be contaminated by the variability observed within a
group of untrained subjects.

However, is it necessary to include a standardised training phase during longitudinal
resistance exercise interventions? Initial 1RM strength was identified as the dominant
variable predicting inter-subject variability after the 16-week period of resistance
exercise. We are unaware of any previous investigation that has monitored the
effectiveness of 1RM grouping to control for inter-subject variability. The results of the
current study suggest this method is effective in long-term, but not short-term resistance
exercise interventions as evidenced by the disparate 1RM strength gains observed in
high- and low-responders in weeks 0-4 of standardised resistance training.

The method of distribution we employed, which considered 1RM adaptation after four
weeks of resistance exercise may offer a level of increased control over inter-subject
variability. No significant differences in 1RM were evident between the three groups
after the four-week standardised training period and subject responsiveness was
considered in subject distribution. Although initial 1RM displayed the greatest
significance (R2= -0.85) as a variable explaining inter-subject variability in strength
gain, a significant effect of subject responsiveness was also observed (R2= -0.17). The
combined influence of these parameters was responsible for 88% of the variance
observed. Counter-balancing groups according to 1RM strength after a period of
standardised resistance exercise, therefore seems to be a stringent control strategy one
can employ to reduce inter-subject variance.
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The second significant observation from this research involved agonist muscle
adaptation and how it differed, between high- and low-responders across the
standardised four-week and subsequent 12-week training phases (Figure 3.4).
Electromyographic activity in the biceps brachii significantly differed between highand low-responders during 1RM assessments after the initial four weeks of standardised
resistance training. In the low-responders, agonist muscle activation increased by ~2.5%
at the completion of the standardised training phase, in contrast, high-responders
displayed an increase more than ten-fold greater in muscle activation of ~30%. Thus,
the substantial strength differences we observed between groups were likely explained
by strong neural adaptation in the high responding group.

It is well established that neural adaptations primarily account for strength gains that are
observed during the first four weeks of resistance exercise (Moritani & DeVries, 1979).
As inter-subject variability was only observed during the first four weeks of resistance
exercise in the current study neural adaptations were considered to be accountable for
the variance in strength gain observed. Consequently, this is the first investigation to
show that inter-subject variability is closely associated with neural adaptation.
Significant variation in muscle growth has previously been identified across untrained
subjects, with differences of more than 35% detected (Hubal et al., 2005). Differences
in muscle growth may be explained by a subjects genotype (Pescatello et al., 2006).
Considering the time related adaptation in strength gain observed by Moritani &
Devries (1979), the results of the current study suggest that differences in muscle
growth observed by Hubal et al. (2005) and Pescatello et al. (2006) may have been
influenced by the corresponding neural adaptation.
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The lack of increase in muscle activation amongst low-responders in the current
investigation suggests the intensity and volume applied during standardised resistance
training was below the threshold required to elicit significant neural adaptation. This
hypothesis is supported as we observed an inverse response in agonist muscle activity
during the 12-week period of exercise. Low-responders recorded a ~32% increase in
agonist muscle activation, approximately five times greater than the ~6% increase
recorded amongst high-responders. Thus, despite reporting no resistance exercise
experience for at least six-months, agonist neural adaptations appeared load dependent
in low-responders. Previous investigations have observed electromyographic activity
during resistance exercise interventions amongst trained subject groups to be load
dependent, decreasing in trained subjects during periods of low intensity (≤80% 1RM)
activity and increasing during high intensity (≥80% 1RM) activity (Hakkinen et al.,
1985; Hakkinen et al., 1987).

Interestingly, within the high responding group, despite a non-significant increase in
agonist muscle activation during the 12-week training phase, a ~30% gain in strength
was observed. A divergence between agonist muscle activation and force production
capabilities has been observed previously, and is possibly attributed to changes in
antagonist or synergist activation, or a modification in agonist motor unit discharge
pattern (Keen et al., 1994; McBride et al., 2003).

An examination of antagonist muscle activity indicated a concurrent increase in triceps
brachii muscle activity following the four week standardised training period, increasing
~8% in low responders and ~40% in high responders, and a similar increase in both
groups (~25%) during the 12 week training period. The magnitude of the change in
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antagonist muscle activity was as such greater than that observed in the agonist and may
suggest increased coactivation of the triceps brachii relative to the biceps brachii.
Coactivation may serve to increase stability about the joint and is observed as fatigue
develops (Bennett, 1993; Psek & Cafarelli, 1993). Increased coactivation is however not
commonly observed as a training adaptation, and conversely a decrease in the level of
coactivation is more likely to occur, assisting in elevating force production in the
desired direction (Carolan & Cafarelli, 1992; Hakkinen et al., 1998). In the triceps
brachii, reports of no change in the level of coactivation relative to the biceps brachii
are reported (Colson et al., 1999). However, one should also consider the error that may
exist with surface electrode recordings at the triceps brachii and the possibility of crosstalk that have been detected in ~10% of subjects from the biceps brachii, consequently
contaminating the signal (Solomonow et al., 1988) .

In contrast to the increased agonist and antagonist muscle activity observed in the
current study, no significant change in synergist (anterior deltoid or upper trapezius)
muscle activity was observed within high or low responding subjects following the
four-week standardised training period suggesting subjects successfully maintained
shoulder joint complex stabilisation throughout the assessment phases and physical
training regimen.

Contralateral (untrained), limb strength also increased significantly during both
resistance training phases. Such a functional transfer is well-established and commonly
attributed to neural mechanisms expressed as an increase in agonist electromyographic
activity in the contralateral limb (Hortobagyi et al., 1997; Hortobagyi et al., 1999;
Shima et al., 2002). In contrast to the trained limb however, no significant difference in
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contralateral limb strength gain was observed between the two responder classifications
in this investigation. Furthermore, within this investigation no significant change in the
electromyographic activity of the contralateral biceps brachii following either of the
training phases was observed. The current data therefore demonstrate that contralateral
strength changes did not mirror adaptations seen in the dominant (trained) limb, thus
indicating that those adaptations were not wholly transferred. An increase in
contralateral limb strength in the absence of elevated agonist muscle activity has been
reported previously and is attributed to a relative decrease in antagonist muscle activity
(Carolan & Cafarelli, 1992; Farthing et al., 2005).

Recent resistance exercise history was controlled for in this investigation during subject
recruitment. However, a clear link between subject responsiveness and physical activity
patterns was also detected, highlighting the importance of a full and proper screening of
exercise histories including, endurance and occupational activities. Analysis of the
responses to the exercise history questionnaire revealed that the low-responders were
significantly more active than the high-responders (Table 3.1). The divergent strength
gains observed within this investigation may therefore have been influenced by the
endurance exercise and physical activity patterns of the subjects. Failure to
appropriately consider prior and concurrent physical activity habits ignores the linkage
between forms of exercise other than resistance activity and adaptation responsiveness.
Concurrent strength and endurance training is observed to reduce dynamic strength
development when compared to strength training during training programs of ≤12
weeks duration (Bell et al., 2000; Dudley & Djamil, 1985; Hickson, 1980). The results
of the current study suggest the variability amongst subjects occurs primarily within the
first four weeks of resistance exercise. Training periods of increased duration are
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therefore more likely to compensate for any inter-subject variation. This is apparent as
studies incorporating a significantly longer duration of training (21 weeks), do not
notice any interference of endurance training on strength development (Hakkinen et al.,
2003).

3.5 CONCLUSION
In this investigation, a small, but significant portion of the variance in 1RM strength
gain observed over the 16-week intervention was related to the magnitude of 1RM
strength gain observed during the four-week standardised period of resistance exercise.
However, the variance in 1RM strength gain was more closely related to a subject’s
initial 1RM strength capabilities. If one is to minimise inter-subject variability, the
distribution of subjects across experimental groups such that 1RM strength capabilities
are equivalent should therefore be considered. The physical activity questionnaires
identified a relationship between 1RM strength gains and endurance activity. Strict
control of the variance displayed amongst subjects in response to resistance exercise
may therefore be obtained by complete physical activity screening during subject
recruitment. In the current investigation, the standardised control period was included in
an attempt to control for any effect of inter-subject variation, by equally distributing the
number of subjects from the two responder categories (high and low) across three
groups, prior to the 12-week intervention. However, this may not have been necessary
as any variance in 1RM strength gains was restricted to the first four weeks of resistance
exercise. Consequently, we can be confident that the results obtained from the 12-week
training period to be discussed in the following Chapters were not biased by any
potential inter-subject variability unrelated to the resistance exercise intervention.
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CHAPTER FOUR:
HEAVY LOAD RESISTANCE EXERCISE
DOES NOT NECESSARILY REQUIRE
TASK FAILURE
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ABSTRACT
The requirement to perform resistance exercise repetitions to task failure in order to
induce strength gain is contentious within the literature. Twenty-eight untrained male
subjects completed 12 weeks of dominant limb elbow flexion and extension resistance
training (three sessions per week; four sets per session; 80-85% 1RM). Prior to
commencing the 12-week training regimen all subjects completed a four-week
standardised control period of resistance training. Subjects were then randomly
allocated to one of three groups; rapid shortening (n=10), rapid lengthening-shortening
(n=8) and traditional resistance exercise (n=10). Rapid shortening and rapid
lengthening-shortening performed only four repetitions per set, thus avoiding task
failure and resulting in a 31% reduction in the total number of repetitions performed. In
conjunction with one repetition maximum (1RM) and maximal voluntary contractile
strength (MVC) assessments, an evaluation of electromyographic activity and muscle
cross-sectional area via magnetic resonance imaging was performed. No significant
differences were observed between groups in strength, cross-sectional area or biceps
brachii electromyographic activity. The pooled data indicated an increase of 30.7 ±1.2%
in 1RM; 13.2 ±0.5% in MVC at 90°; 22.1 ±7.9% and 11.2 ±3.5% in electromyographic
biceps brachii root mean square activity during 1RM and MVC 90° tests and 9.9 ±1.3%
in biceps brachii cross-sectional area. A significant interaction in triceps brachii root
mean square activity was however observed. A decrease of -13.4 ±7.0% and -20.4
±9.2% was observed after rapid shortening exercise, yet an increase of 40.5 ±20.37%
and 12.4 ±10.1% after rapid lengthening-shortening and 23.3 ±9.4% and 8.0 ±7.6%
after traditional resistance exercise was observed, during 1RM and MVC tests
respectively. Differences in antagonist electromyography may suggest alternative
control

strategies

across

the

three

conditions.
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However,

similar

strength,

electromyographic and hypertrophic adaptation in skeletal muscle, suggests task failure
is not necessary to elicit significant gains in muscle strength during heavy load
explosive muscle contractions.

4.1 INTRODUCTION
There is considerable evidence to demonstrate that muscle strength gain is load
dependent (Anderson & Kearney, 1982; Campos et al., 2002; Hakkinen et al., 1985;
Moss et al., 1997). Increasing the external load elevates neural drive via increased
motor unit recruitment and rate of discharge (De Luca et al., 1982; Kukulka &
Clamann, 1981; Milner-Brown et al., 1973b). The increase in efferent neural drive after
a period of heavy resistance exercise has been shown to be reflective of motoneuron
excitability and inhibition of presynaptic Ia afferents (Aagaard et al., 2002a).
Correspondingly, the greatest gains in muscle strength and increased neural activity in
agonist muscle groups, have been observed with heavy external loading, ≥80% of one
repetition maximum (1RM) (Hakkinen et al., 1985).

External loading of skeletal muscle also stimulates myocellular signalling events that
activate the mammalian target of rapamycin (mTOR), a primary determinant of protein
synthesis and muscle growth (Glass, 2003; Rommel et al., 2001). Examination of the
pathways leading to protein synthesis presented earlier in Chapter One of this thesis
(Figure 1.1), highlight that mechanical loading can stimulate mTOR directly during a
muscular contraction, suggesting that extracellular hormonal secretion may not
necessarily be required to stimulate protein synthesis and subsequent muscle growth
(Bodine, 2006; Hamilton & Baar, 2008; Hornberger et al., 2004; Spangenburg et al.,
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2008; Spiering et al., 2008; West et al., 2009). Activation of mTOR and increased
protein synthesis activity may also occur via mitogen-activated protein kinase (MAPK)
stimulation (Shahbazian et al., 2006). It is therefore relevant to note that the degree of
MAPK activity also appears to be directly related to the mechanical force applied by the
muscle (Martineau & Gardiner, 2001). Thus, there is significant evidence that observes
mechanical loading as a key stimulus for protein synthesis.

The magnitude of external loading may be the most significant stimulus for muscle
hypertrophy. In this thesis, external loading is used to describe the relative weight lifted
(kg) and is commonly expressed in relation to repetition maximum (Delorme, 1945;
Delorme & Watkins, 1948). Campos et al. (2002) confirmed a relationship between
external loading and muscle growth, observing that significant muscle growth, only
occurred when resistance exercise loading was in advance of 70% 1RM. However,
Moss et al. (1997) observed the greatest degree of muscle growth at 35% of 1RM, and
no increase in muscle size at 90% of 1RM. As such, alternative stimuli that may
encourage skeletal muscle adaptation must also be examined. Campos et al. (2002)
enforced high total work, including repetition (task) failure during each set of exercise.
The associated increase in muscle metabolite concentration as muscle fatigue develops
may have consequently promoted muscle growth, an observation previously reported
(Schott et al., 1995). In contrast, Moss et al. (1997) applied a protocol that reduced total
work, as the number of repetitions performed in each set did not lead to task failure.

The observations of Campos et al. (2002) and Moss et al. (1997) may however suggest
that muscle growth is also affected by total work. Work is a consequence of mass ×
acceleration × displacement (Equation three, Chapter Two). Assuming that the total
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displacement was similar between all conditions, the mass × the number of repetitions
performed suggest that the greatest total work would have been completed in the 35%
1RM condition applied by Moss et al. (1997) and the 70% of 1RM protocol applied by
Campos et al. (2002). The change in muscle size observed by Moss et al (1997) was
however six times smaller than that reported by Campos et al. (2002). Muscle
hypertrophy may therefore, also be influenced by task failure.

In resistance exercise, the total work performed by a muscle encompasses both the
external load and the total time a muscle is actively contracting (Tran & Docherty,
2006). The time a muscle is under tension during dynamic contractions, is therefore a
direct consequence of the number of repetitions, sets and velocity of muscle activation.
In 1945, task failure was incorporated into resistance exercise design through the
utilisation of repetition maximum loading strategies (Delorme, 1945; Delorme &
Watkins, 1948). This loading strategy remains the cornerstone of modern resistance
training programmes. The performance of a sub-maximal task to failure has been shown
to elicit skeletal muscle growth, significantly develop muscle strength, elevate the
quantity and rate at which motor units are activated and augment metabolic neuroendocrine responses (Carpentier et al., 2001; Garland et al., 1994; Goto et al., 2005;
Kraemer et al., 1990; Kraemer et al., 1998). Furthermore, an increase in endogenous
anabolic and catabolic hormone secretion is observed when repetitions are performed
beyond task failure with assistance (Ahtiainen et al., 2003b).

The increase in total work as a consequence of additional repetitions after the point of
task failure may therefore influence muscle growth. However, no additional benefit is
observed in the development of muscle strength and power when additional repetitions
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are performed beyond task failure (Drinkwater et al., 2007). It should also be recognised
that significant muscle growth does occur in the absence of endocrine stimulation as
discussed within Chapter One of this thesis (Goldberg, 1967; Wilkinson et al. 2006;
Spandenburg et al. 2008; West et al. 2009).

In resistance exercise, total work is often defined as the total number of repetitions
performed. However, improved strength adaptation is not consistently observed when
increasing the total number of repetitions performed (Hass et al., 2000; McBride et al.,
2003; Ronnestad et al., 2007; Schlumberger et al., 2001; Starkey et al., 1996). These
investigations have routinely utilised a research design that compare single-set and
multi-set resistance exercise regimens. The total work performed, rather than task
failure may however be more critical for gains in muscle strength. For example, greater
strength gains are observed following multi-set training in the absence of task failure,
when compared to a single set performed to task failure (Kramer et al., 1997; Sanborn
et al., 2000). Furthermore, investigations which have compared resistance exercise
programs equal in total work, yet differentiated by the inclusion or absence of
repetitions performed to task failure, have observed no difference in strength adaptation
between groups (Folland et al., 2002; Izquierdo et al., 2005). In the current study, the
impact of task failure on skeletal muscle adaptation will be examined during heavy load
resistance exercise. In contrast to previous investigations however, groups completing
exercise in the absence of task failure will also perform 30% less work. This reduction
in total work will result from a lower number of repetitions performed in each set, as the
total number of sets performed will be consistent between groups. In the current study,
two groups exercising in the absence of task failure will be instructed to increase the
velocity of muscle activation.
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Previously an increase in total work has been shown to increase muscle strength during
exercise performed at a relatively slow (3-second) rate of muscle contraction (Munn et
al., 2005a). The authors observed three sets of repeated contractions performed slowly
against a heavy external load of 80% 1RM increased the magnitude of strength gain
when compared to one set. However, interestingly in the same study, Munn et al.
(2005a) observed that no greater gain in muscle strength was obtained when more than
one set of fast (1-second) muscle contractions were performed. The findings of Munn et
al. (2005a) are consistent with others that have observed improved skeletal muscle
adaptation when incorporating rapid muscle shortening (Caserotti et al., 2008; Fielding
et al., 2002).

The relevance of performing muscle contractions at high velocity should therefore be
considered. Previous investigations have observed the greatest limb movement
velocities and relative force outputs when preceding rapid shortening with rapid
lengthening during ballistic resistance exercise (Newton et al., 1996; Newton et al.,
1997; Nicol & Komi, 1998). In Chapter Two of this thesis, the significant increase in
eccentric contraction velocity elevated force output during non-ballistic heavy-load
rapid elbow flexion and extension. Considering the sensitivity of skeletal muscle to the
magnitude of external loading (Campos et al., 2002; Hakkinen et al., 1985), rapid
muscle contractions may facilitate skeletal muscle adaptation as a consequence of
increased force development. However, we are unaware of any previous investigations
that have examined the development of strength and muscle hypertrophy during heavy
load, isotonic rapid lengthening-shortening resistance exercise. The skeletal muscle
adaptation observed following a period of heavy load rapid muscle lengtheningshortening is therefore a novel feature of the present thesis.
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Rapid muscle activation increases spinal motoneuron activity in the active limb during
resisted muscle contractions (Desmedt & Godaux, 1977, 1978; Grimby & Hannerz,
1977; Van Cutsem et al., 1998). It therefore seems plausible to suggest that rapid
muscle activation may compensate for a reduced work load, and did therefore, assist in
the strength adaptations observed by Munn et al. (2005a) when the volume of exercise
was reduced and rapid muscle contractions were performed.

In Chapter Two of this thesis, electromyographic activity was increased during the first
three contractions of rapid lengthening-shortening, and suggests that these distinct
motor unit behaviours may depend on preceding rapid lengthening muscle activation
when heavy load dynamic muscle contractions are performed (Chapter Two).
Furthermore, increased hypertrophic adaptations are observed after resistance exercise
including rapid eccentric muscle contractions (Farthing & Chilibeck, 2003b).
Significant muscle growth has been reported following only three weeks of combined
rapid muscle lengthening and shortening isokinetic resistance exercise (Seynnes et al.,
2007). Yet, whilst previous investigations have observed resistance exercise including
rapid muscle contractions provide a potent stimulus for strength development (Caserotti
et al., 2008; Fielding et al., 2002; Munn et al., 2005a), neither electromyographic or
hypertrophic adaptation have been examined.

The current investigation therefore examined strength development in three conditions
which differed in the instruction given to subjects regarding the desired velocity of
muscle contraction;

rapid muscle shortening, rapid lengthening-shortening and a

traditional (2-second shortening, 2-second lengthening) model of resistance exercise. In
the current investigation, the number of repeat exercise sets (four) was the same across
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groups, yet rapid lengthening-shortening and rapid shortening groups did not exercise to
task failure. This was achieved by manipulating the total number of repetitions
performed in each set, such that for the same relative loading the rapid lengtheningshortening and rapid shortening groups performed a lower number of repetitions and
therefore total work. In contrast previous investigations have maintained a similar
number of repetitions but increased the number rest periods between each set, thus
creating a ‘low fatigue’ condition (Folland et al., 2002; Izquierdo et al., 2006; Rooney
et al., 1994). Other investigations have reduced total work between experimental groups
but maintained task failure across all conditions (Munn et al., 2005a). As this Chapter
will show, neither a high total work load nor task failure are required to achieve
comparable gains in strength, muscle hypertrophy and neural adaptation when relatively
heavy resistance exercise is performed using rapid movements.

4.2 METHODS
Untrained subject groups have been shown to be most responsive to resistance exercise
(Ahtiainen et al., 2003a). The rate at which untrained subjects develop strength
following structured resistance activity can differ significantly, with some responding
rapidly (high-responders) and others more slowly (low-responders) (Hubal et al., 2005;
Pescatello et al., 2006). A four-week period of standardised resistance exercise (Chapter
Three) was therefore employed in the current thesis to minimise inter-subject
variability. This design feature allowed for the equal distribution of high and low
responding subjects across the three treatment groups examined in the current
investigation. The results of the four-week training period are discussed in Chapter
Three. The 12-week training period reported herein, examined strength gain, neural and
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hypertrophic adaptation after rapid shortening, rapid lengthening-shortening and
traditional resistance exercise.

4.2.1 Subjects
Thirty untrained males, who had not participated in resistance exercise for a minimum
of six months, were recruited for this investigation. All subjects completed a medical
history and physical activity readiness questionnaire (PAR-Q), and provided a written,
informed consent prior to participation in the investigation. All procedures were
approved by the Human Ethics Research Committee (University of Wollongong).

4.2.2 Experimental position and movement
Subjects performed unilateral elbow flexion and extension from a supine position using
custom-built apparatus. Repetitions were performed through a 100° range of motion
assisted via guide bars positioned at 160° of extension and 60° flexion. A wrist strap
was fixed to the supinated forearm of the dominant limb and connected to a load stack
via a steel wire cable. The contralateral limb was positioned to rest across the chest at a
90° angle at the elbow. The legs were elevated at 90° from the hips and held
unsupported throughout exercise to prevent any additional leverage from the lower
limbs. Subjects began from a flexed (60°) position supporting the load at the onset of
elbow extension movement. The experimental equipment was instrumented with a shaft
encoder delivering 1000 pulses per revolution (E6C2-CWZ6C-1000, Omron, Minatoku, Tokyo, Japan) collecting distance and time data for every 0.07 mm of movement,
allowing for accurate calculation of range of motion, acceleration and velocity. An
illustration of the experimental position is provided in Chapter Two (Figure 2.1).
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4.2.3 Experimental design
The 12-week resistance exercise programme assessed in the current investigation,
directly followed the four-week standardised training period examined in Chapter Three
(Figure 4.1) All subjects were required to perform four sets of exercise using a six
repetition maximum (6RM) load (85% of 1RM), a three minute rest period was given
between sets and wherever possible, a rest day between sessions. Subjects were
allocated to one of three experimental groups; i) a rapid shortening group accelerated
the limb through flexion as rapidly as possible and then performed controlled elbow
extension (2-second); ii) a rapid lengthening-shortening group accelerated the limb as
rapidly as possible through flexion and extension; and iii) a traditional resistance
exercise group performed controlled flexion (2-second) and extension (2-second)
contractions. The traditional resistance exercise group performed repetitions in all sets
to the point of task failure. In contrast, rapid shortening and rapid lengtheningshortening were asked to complete only the first set of each week to task failure, and
completed four repetitions in each set thereafter, thus avoiding task failure. The weekly
training load was adjusted in all groups to the desired 6RM on the basis of the number
of repetitions performed in the task failure set, using published tables (Beachle & Earle,
2000). The relative 6RM training loads were therefore identical between the groups
throughout the 12-week training programme. A fourth group performing slow
contractions in the absence of task failure was not incorporated into the experimental
design as it has previously been shown that reducing the exercise volume during slow
contractions, decreases total strength adaptation (Munn et al., 2005a).

The number of completed repetitions performed in each set throughout the 12-week
training program were recorded, and immediately after each set of exercise, subjects
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were asked to rate how hard they felt they had worked throughout the set using the 15point Borg Scale (Borg, 1970). An unloaded repetition was performed and subjects
were advised that such a repetition would require an exertion rating of six. During 1RM
testing, subjects were reminded that a maximal one repetition effort would require an
exertion rating of twenty. Thus, subjects were provided with a point of reference at each
end of the 15-point rating scale. The movement characteristics of rapid shortening, rapid
lengthening-shortening and traditional resistance exercise conditions were investigated
in Chapter Two of this thesis. To confirm the differences observed in Chapter Two,
kinematic data was captured (as described in Section 2.2.6) during one training session
in week 11.

4.2.4 Strength measurement
All strength assessments were performed in the experimental position (Figure 2.1). In
addition, the dominant and contralateral glenohumeral joint was strapped to the
experimental equipment to prevent unwanted movement during strength testing.
Throughout each MVC assessment the forearm was strapped to a platform allowing
adjustment in the angle of the elbow in 10° increments from 80°-140°. To assess
changes in the length-tension relationship following resistance training, a five second
MVC was performed at each of the seven angles (presented in a randomised order) and
three minutes of rest was given between efforts. The length tension relationship was
examined in the current investigation as an increase in force output is observed at
increased muscle lengths and is further elevated during rapid muscle lengthening
(Newton et al, 1997). Subjects were instructed to produce maximal force as rapidly as
possible at the illumination of a visual LED signal. Visual feedback via an oscilloscope,
and verbal encouragement to reach maximal force, was provided throughout each
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isometric muscle contraction. After five minutes rest, subjects performed a second
MVC to confirm a maximal effort had been made. A total of 14 MVC’s were thus
performed. However, if the difference between the two contractions was >5%, another
five minute rest period was given and a third MVC was performed. The highest MVC
recorded at each angle (within 5% variation) was taken for analysis. A 1000 N load cell
(Applied Measurement, X-TRAN, 51W-1kN, Eastwood, NSW, Australia) measured
isometric force (N), via a DC pressure amplifier (Neurolog, 108A, Digitimer Neurolog,
Hertfordshire, UK) collecting data at 200 Hz. Force was recorded (N) and each
subject’s limb length was measured, as the distance from the acromion process to the
elbow crease, peak torque (Nm) was consequently determined as the highest value
recorded over a 250 ms period of each isometric contraction. At the completion of the
MVC trials subjects were given a minimum of ten minutes rest prior to the assessment
of 1RM.

Dynamic elbow flexion strength was determined using a 1RM in the experimental
position, the contralateral limb was relaxed and positioned in a rested position (90°
elbow flexion) across the chest. Guide bars were set using a custom made digital
goniometer to determine an elbow flexion angle of 60° and extension of 160°
perpendicular to the medial epicondyle, and running parallel along the radioulnar joint.
At the commencement of the 1RM, subjects were verbally encouraged to successfully
complete a single repetition. If the lift was successfully performed subjects were
required to rest for a minimum of two minutes prior to the next attempt and 1RM was
recorded to the closest 0.25 kg. An average of 5.2 ±0.2 attempts was required to
determine each subject’s 1RM.
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The experimental design is illustrated in Figure 1.4 and displayed below (Figure 4.1).
One repetition maximum (1RM, kg) and peak torque (MVC, Nm) were assessed prior to
the onset (week 4), and immediately after, the 12-week training period (week 16).
Strength assessments were performed over two weeks, dominant limb strength was
assessed in the first week and as part of a larger experiment, contralateral strength was
assessed in the second week.

Additional 1RM strength tests were performed on the dominant limb every four weeks
(weeks 8 and 12). In these strength assessment weeks, a 1RM test session replaced one
training session and training was maintained with two regular training sessions in that
week.

4.2.5 Electromyography
During the assessment of 1RM and MVC strength, surface electrodes (Ag/AgCL
contact diameter 15 mm) were adhered to the biceps brachii, medial head of the triceps
brachii, upper trapezius and anterior deltoid as described in Chapter Two. The surface
of the skin was prepared and the sensor placed on the muscle, inline with European
guidelines developed to assist in the standardisation of surface electromyographic
collection procedures (Hermens et al., 2000). The surface of the skin was shaved,
abraded and cleansed with alcohol at the electrode sensor placement site. Biceps brachii
and medial tricep brachii electrodes were placed over the centre of the muscle belly,
approximately midway between the elbow crease and acromion process. The anterior
deltoid electrodes were positioned 4 cm below the clavicle, and the upper trapezius,
electrodes along the ridge of the shoulder halfway between the cervical spine and the
acromion. All electrodes were positioned parallel to the orientation of muscle fibres
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Figure 4.1 Study design for the experimental investigations two-four (Chapters ThreeFive). After four weeks of standardised resistance exercise (shaded rectangle), subjects
were equally distributed across three experimental groups; traditional, rapid shortening
and rapid lengthening-shortening for a further 12 weeks of heavy load (85%) resistance
training. Dominant and contralateral elbow flexor function tests were performed prior to
(week 4) and following (week 16) the 12-week training period. Dominant limb 1RM
tests replaced a single training session in weeks 8 and 12. Magnetic resonance imaging
data were additionally collected prior to (week 4) and following (week 16) the 12-week
exercise training period.
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with a 2 cm inter-electrode distance (Cram et al., 1998). The position of these electrodes
was marked with henna dye and maintained throughout the 12-week training period to
ensure

consistent

electrode

placement

during

subsequent

measurements.

Electromyographic signals were pre-amplified with a low frequency cut- off (3 Hz),
amplified (1000x), and high (10 Hz) and low (500 Hz) band pass filtered (Neurolog
844, 820, 144, 135, Digitimer Neurolog, Hertfordshire, U.K.). These cut offs are within
the physiological range of human motor units and are applied to reduce noise and
motion artefact (Merletti & Parker, 2004).

Data were collected at 2000 Hz per channel, and processed via an analogue to digital
converter (Power 1401, Cambridge Electronic Design, Cambridge, U.K.) using Spike 2
software (Ver 5.13, Cambridge Electronic Design, Cambridge, U.K.), and stored on a
computer (Latitude D810, Dell, Round Rock, Texas, U.S.A.). Data analysis was
performed using Spike 2 software, a series of 250 ms windows with a 50% overlap,
scrolled the duration of one repetition maximum and maximal voluntary contractions.
Electromyographic mean root mean square data (mV) were recorded over the duration
of concentric and eccentric phases of the 1RM contraction. Peak electromyographic root
mean square data (mV) were recorded during MVC assessments within the 250 ms time
period corresponding to peak torque (Nm). Root mean square data are reported as the
percentage change within muscle groups over time.

4.2.6 Muscle cross-sectional area
Muscle cross-sectional area of the elbow flexors were recorded for twenty-five subjects
(rapid shortening (N=9), rapid lengthening-shortening (N=8), traditional resistance
exercise N=8)) at week four and week 16. A total of 46 slices were recorded (thickness
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6.35 mm, with 1 mm inter-slice gap) by an experienced radiologist in magnetic
resonance imaging (MRI), using Turbo Spin Echo, T2 images (1.5 T Philips Intera,
Philips Healthcare, Da Best, Netherlands). Imaging commenced at the superior portion
of the humeral head, extending distally along the length of the muscle. Seven DICOM
MRI images (central scan plus three scans either side) were measured using
commercially available software (3d-Doctor, Able Software Corporation, Lexington,
MA, U.S.A.). The biceps brachii and brachialis were traced, and cross-sectional area
was calculated as the mean area obtained across the seven images. All MRI images
were measured by the same experimenter. Eight MRI images were assessed a second
time to assess for experimental error which was recorded as 1.3 ±1.0 %.

4.2.7 Statistical analysis
A Two-Way repeated measures ANOVA including post hoc bonferroni was used to
identify group differences following the 12-week training period (Prism Ver. 5.00,
GraphPad Software, San Diego California USA). Experimental changes within groups
over time were determined via On-Way ANOVA. Data are reported as means ± SE,
unless otherwise stated as standard deviation (SD). Significance is set at an alpha level
of P ≤0.05 for all statistical analysis.

4.3 RESULTS
Twenty-eight subjects completed this investigation. Two subjects from the rapid
lengthening-shortening group did not complete the 12-week training period. One subject
sustained a training related injury and one subject an unrelated injury. No significant
differences in the general characteristics of age (24.3 SD 7.0 yrs, 23.7 SD 6.2 yrs, 23.4
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SD 6.6 yrs), body mass (77.9 SD 12.1 kg, 85.0 SD 13.7 kg, 76.9 SD 0.2 kg) or height
(179.0 SD 8.8 cm, 179.1 SD 7.5 cm, 180.3 SD 5.8 cm) were observed between rapid
shortening, rapid lengthening-shortening, or traditional resistance exercise group. Highand low-responders were identified after the four-week standardised period of resistance
exercise such that groups were matched according to the observed strength gain
(Chapter Three). Prior to the 12-week training period reported in the present Chapter,
1RM strength was similar between rapid shortening (22.3 SD 3.6 kg), rapid
lengthening-shortening (19.2 SD 1.8 kg), and traditional resistance exercise (19.9 SD
3.7 kg) groups and no significant difference in self reported habitual physical activity
were observed. A total of 34 training sessions were applied throughout the 12-week
training programme and compliance was similar in rapid shortening (33.6 SD 0.8), rapid
lengthening-shortening (33.8 SD 0.5), and traditional resistance exercise groups (33.7
SD 0.5). The average number of repetitions performed in each set, average rating of
perceived exertion and details of the kinematic analysis performed in week 11 are
shown in Table 4.1.

Task failure increased the number of completed repetitions in the traditional resistance
exercise group by 31%, when compared to rapid lengthening-shortening and rapid
shortening exercise groups (P<0.001), and is, in this thesis used to describe differences
in total work between groups. The increased limb velocity further reduced time under
tension during rapid shortening and rapid lengthening-shortening. Consequently, the
total time under tension during traditional resistance exercise was 215% and 346%
greater (P<0.001) than rapid shortening and rapid lengthening-shortening respectively.
Accordingly, the average rating of perceived exertion was greater (P=0.0013) in the
traditional resistance exercise group when compared to rapid shortening and rapid
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Table 4.1 Kinematic analysis of movement during one set in the three exercise
conditions.

Variable

RS

RLS

TR

Repetitions

4.2 ±0.0†

4.2 ±0.1†

6.1 ±0.4

Load (kg)

24.3‡

22.2

20.8

Peak Acceleration (m·s-2)

1.2 ±0.3†

1.7 ±0.9†

0.5 ± 0.4

Velocity (m·s -1)

0.27 ±0.0†

0.31 ±0.1†

0.16 ±0.0

669.6 ±16.3†

547.3 ±14.8

794 ±23.7‡

Rating of perceived exertion

16.0 ±1.0†

15.5 ±0.8†

17.0 ±0.5

Time under tension (s)

13.2 ±2.1†

8.2 ±1.6‡

28.4 ±3.6

Work (j)

Notes: Rapid shortening (RS), traditional (TR) and rapid lengthening shortening (RLS)
resistance exercise conditions. Repetitions and rating of perceived exertion, denotes the
average number of repetitions completed per set and average perceived exertion rating
per set across the duration of experimental training. Load, and work calculations were
calculated across four sets and velocity, peak acceleration data is collected from the first
repetition of the first exercise set in a single training session during week 11 of exercise.
Time under tension is the accumulated time the muscle was subjected to tension during
the first set. Data is presented as means and standard deviation. †= significantly
different to traditional resistance exercise; ‡ = significantly different to rapid shortening
and traditional resistance exercise.
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lengthening-shortening groups. These results highlight significant differences between
conditions. In Chapter Two of this thesis, a more detailed kinetic and kinematic analysis
of heavy load rapid shortening, rapid lengthening-shortening and traditional resistance
exercise was performed (Figures 2.4, 2.6). Considering the results presented here (Table
4.1) and in Chapter Two, we are confident that similar force and velocity profiles would
occur in the respective exercise conditions, indicating a similar increase in the velocity
of muscle shortening, lengthening and force development during rapid lengtheningshortening.

4.3.1 Strength
The 1RM strength gains observed throughout the 12-week period did not significantly
differ between experimental groups (Figure 4.2). Pooled data revealed a strength gain
(P<0.001) of 30.7 ±1.2%, increasing 11.4 ±1.1% from week 4-8 of experimental
training, 9.5 ±1.8% from week 8-12, and a further 7.3 ±1.1 from week 12-16. The 31%
total work reduction during rapid lengthening-shortening and rapid shortening exercise
did not therefore affect 1RM strength gains at any point of the 12-week experimental
training period.

Averaged across the seven angles assessed, a significant increase in maximal voluntary
contractile (MVC) strength was observed after rapid lengthening-shortening (P=0.0167;
5.5 ±1.9%), rapid shortening (P<0.001; 12.9 ±2.5%) and traditional resistance exercise
(P<0.001; 8.2 ±2.0%). The maximal voluntary contractile strength gains of each group
are displayed in Figure 4.3a, b and c. A significant (P<0.001) increase in maximal
voluntary contractile (MVC) strength was observed in all groups at 80-120°, but at 130°
a significant interaction was observed; the rapid shortening group increased MVC
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Figure 4.2 Dominant limb one repetition maximum strength gain (kg). Strength
assessments performed at baseline (week 0), on completion of the standardised
resistance exercise period (week 4), during (week 8 and 12) and on completion (week
16) of this resistance exercise intervention Traditional (TR), rapid lengtheningshortening (RLS), and rapid shortening (RS). Data represent means ± SEM.

§ =

significant difference from preceding four-week 1RM test Data represent means ± SEM.
§ = significant difference from preceding four-week 1RM test. Significance is set at
p<0.05.
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Figure 4.3 Maximal voluntary contractile torque (Nm) at 80-140° at week-four (dashed
line) and week-16 (Solid line) after a) rapid lengthening-shortening, b) rapid shortening
and c) traditional resistance exercise. Data represent means ± SEM. † = significant
difference in MVC between angles. Significance is set at p<0.05.
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strength by 10.0 ±3.3 Nm, but no significant change was observed after traditional
resistance exercise or rapid lengthening-shortening. At 140°, no strength change was
observed in any group (Figure 4.3a, b and c).

4.3.2 Muscle activation
Following 12 weeks of resistance exercise, a pooled analysis revealed a significant
(P=0.0045) increase in biceps brachii average root mean square amplitude of 22.1
±7.9% during 1RM tests. Within groups the change in 1RM biceps brachii average root
mean square was 47.0 ±21.8% after rapid lengthening-shortening, 7.7 ±5.1% after rapid
shortening and 16.7 ±11.1% after traditional resistance exercise, however, no significant
interaction was detected. It is therefore necessary to note the variance observed in
average root mean square amplitude within the rapid lengthening-shortening group
where an increase of more than 180% was observed in one subject, consequently
skewing the mean and elevating the standard error of the mean. Removing this subject
from the analysis reduced the group mean average root mean square of the rapid
lengthening-shortening to 26.8 ±9.5%, however still no significant interaction was
observed between groups.

No significant interaction in biceps brachii peak root mean square amplitude was
observed during isometric maximal voluntary contraction assessments after 12 weeks of
resistance training between groups. A significant (P=0.0110) increase occurred at 80°,
and although there was a trend for peak root mean square amplitude to increase at 90°140°, the change was not significant. A pooled analysis of peak biceps brachii root
mean square amplitude during MVC strength tests collapsed over 80-140° revealed a
20.3% ±9.9 increase following rapid lengthening-shortening; 9.7 ±4.0% increase
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following rapid shortening and a 5.4 ±4.0% increase following traditional resistance
exercise. However, no significant interaction was observed.

A significant interaction (P=0.0160) was observed in triceps brachii average root mean
square amplitude during dynamic 1RM assessments. Antagonist muscle activation
increased following rapid lengthening-shortening (40.5 ±20.4%) and traditional
resistance exercise (23.3 ±9.4) and decreased after the rapid shortening (-13.4 ±7.0%)
training regimen (Figure 4.4). A significant interaction was also observed in 90° MVC
triceps brachii peak root mean square amplitude after rapid lengthening-shortening and
traditional resistance exercise, compared to rapid shortening. Although no further
interactions were observed, a similar pattern of increased triceps brachii peak root mean
square amplitude after rapid lengthening-shortening exercise group and decreased
amplitude within rapid shortening exercise group was observed at all angles. Traditional
resistance exercise displayed increased triceps brachii root mean square amplitude at
the shorter angles (80°-100°) and decreased amplitude at longer angles (110°-140°).
Rapid shortening strength gains may therefore have been facilitated by decreased coactivation of the antagonist.

No significant change in anterior deltoid or upper trapezius root mean square amplitude
was observed during the 12-week experimental training period following rapid
shortening (10.5 ±10.5%, 49.7 ±30.2%), rapid lengthening-shortening (-21.5 ±16.1%,
20.2 ±25.6%) or traditional resistance exercise (-19.9 ±15.1, 4.9 ±19.4%), and no
significant interaction was observed.
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Figure 4.4 Surface triceps brachii average root mean square change (%). Data
represents root mean square values recorded during one repetition maximum tests
during rapid shortening (RS), rapid lengthening shortening (RLS) and traditional (TR)
resistance exercise. Data represent means ± SEM. † = significantly different to rapid
shortening. Significance is set at p<0.05.
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4.3.3 Muscle cross-sectional area
A significant (P<0.001) increase in muscle cross-sectional area of the combined bicep
brachii and brachialis muscle was observed within all three groups following 12 weeks
of experimental exercise. Following the standardised period of resistance exercise
(week 4), the average muscle size was 11.9 ±0.8 cm2, 13.3 ±0.7 cm2 and 12.0 ±0.6
cm2in rapid lengthening-shortening, rapid shortening and traditional resistance exercise
groups, and no significant differences were observed between groups. After 12 weeks of
resistance exercise, muscle cross-sectional area was recorded as 12.7 ±0.8 cm2, 14.7
±0.7 cm2, and 13.3 ±0.7 cm2 in rapid lengthening-shortening, rapid shortening and
traditional resistance exercise groups, indicating an increase of 7.1 ±2.7%, 10.9 ±1.5%
and 11.6 ±2.5% respectively. No significant interaction was observed and thus no
beneficial effect was detected from either increased total work or task failure.

4.4 DISCUSSION
The major finding to emerge from this investigation was that, despite significant
differences in the total exercise volume and the absence of task failure, there were no
significant differences in strength gain, compensatory muscle hypertrophy or neural
adaptation between rapid shortening, rapid lengthening-shortening or traditional
resistance exercise groups. The null hypothesis presented in Chapter One (1.6.3.1),
proposed that task failure would increase strength adaptation and is therefore rejected.

A key feature of our experimental design was that we manipulated force output across
the three experimental conditions, via work and acceleration. We deliberately reduced
the total amount of work by ~30% in the two rapidly contracting groups by instructing
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subjects to perform only four repetitions at a designated 6RM load. In contrast, the
traditional resistance exercise group exercised to task failure using the same relative
6RM load. Thus, where task failure was incorporated, the total force output was
increased by the greater total work performed, and where task failure was absent,
attempts were made to increase force output by the rate of limb acceleration.

The relative 1RM strength gains we observed were significant after rapid lengtheningshortening, rapid shortening and task failure and were similar to one another. The
average strength gain we observed of ~30% is lower than previous reports who have
observed strength gains of ~50% when exercising the biceps brachii in an untrained
subject group (Hubal et al., 2005; Munn et al., 2005a; Rooney et al., 1994). It should,
however, be considered that the rate of strength development is greater during the initial
stages of resistance exercise (Chilibeck et al., 1998). Correspondingly, a significant
strength gain of 17% was observed during the period of standardised resistance exercise
directly preceding this investigation (Chapter Three), which in addition provided our
subject group with resistance exercise experience prior to the current 12-week
intervention. The strength gain observed during the standardised training period is not
surprising considering the significant strength gain observed during periods of relatively
low external resistance loading (Anderson & Kearney, 1982; Campos et al., 2002; Moss
et al., 1997). The combined strength gain of ~48% we observed over the 16-week
duration of uninterrupted resistance exercise included within this experiment was
therefore similar to that observed by previous authors (Hubal et al., 2005; Munn et al.,
2005a; Rooney et al., 1994).

One set of eight repetitions at a rapid contraction velocity of 140o·s-1, has also been
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shown to significantly increase 1RM strength compared to one set of eight repetitions at
a slower 50o·s-1 contraction velocity (Munn et al., 2005a). Munn et al. (2005a) also
showed that a single set of resistance exercise performed at 140o·s-1 resulted in the same
increase in 1RM as three sets of eight repetitions at either 50o·s-1 or 140o·s-1. Similar to
Munn et al. (2005a), the results of the current investigation suggest that an increase in
training volume is not a critical stimulus for the development of strength when a rapid
muscle contraction is performed. This is perhaps unsurprising if one considers that the
differences between groups in the total number of repetitions performed equated to ~6
repetitions, in comparison to a difference of ~12 repetitions between groups in the work
of Munn and others (2005a). However, Munn et al. (2005a) induced task failure across
each of the four groups. Indeed, the focus of the current investigation was to examine
the effect of task failure within multi-set resistance exercise programmes by reducing
the number of repetitions in each set. Thus a decrease in total work, enforced by a
reduction in the number of repetitions performed was a consequence of this design. A
unique finding of the current investigation is therefore presented in our results that
indicate total work can be reduced by the deliberate avoidance of task failure without
compromising strength development.

A relative increase in 1RM strength following dynamic resistance exercise is typical of
a task specific adaptation (Rasch & Morehouse, 1957; Thorstensson et al., 1976).
Significant increases in isometric strength are reported following dynamic resistance
training, however, any increase is consistently reported as lower than the corresponding
1RM strength gain following dynamic training interventions (Clarkson et al., 2005;
Hubal et al., 2005; Pescatello et al., 2006). In the current investigation maximal
voluntary contractile strength significantly increased in all groups at 80°, 90° 100°, 110°
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and 120°, yet the relative increase observed were substantially lower than the 1RM
strength gains observed in each group. Muscle lengthening causes sarcomere damage on
the descending limb, and can result in a rightwards shift in the length tension curve that
remains evident up to 7 days after the exercise bout (Brockett et al., 2000; McHugh &
Tetro, 2003; Morgan, 1990). In the current study, shortening and lengthening
contractions were incorporated within each exercise condition. However, exercise
incorporating fast velocity eccentric muscle activation results in greater muscle damage
than slow eccentric activation (Chapman et al., 2006). The rapid lengthening-shortening
exercise group was the only group to perform a rapid eccentric contraction, an increase
in muscle damage and a subsequent shift in the length tension relationship was therefore
expected. A shift in the length-tension relationship was therefore anticipated following
rapid lengthening-shortening resistance exercise. No shift in the length tension
relationship was however evident following rapid lengthening-shortening, yet
unexpectedly, maximal voluntary contractile force increased to a greater degree at 100°
(18.5% and 16.1%), than 90° (13.2% and 11.7%) following rapid shortening and
traditional resistance exercise.

The strength gains observed in current study were accompanied by significant gains in
muscle cross-sectional area in each of the three experimental groups after 12 weeks of
training. No significant difference in muscle cross-sectional area was however observed
between the rapid shortening, rapid lengthening-shortening or traditional resistance
exercise groups. Our results therefore suggest muscle growth was unaffected neither by
an increase in the total number of completed repetitions nor task failure. The increase in
muscle cross-sectional of ~10% observed in the current study within each of the three
experimental groups, was similar to that observed in previous investigation (McCall et
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al., 1996). However, others have observed almost twice the increase in muscle size
observed in the current investigation (Hubal et al., 2005; Pescatello et al., 2006).

In contrast to the present investigation, Hubal et al. (2005) and Pescatello et al. (2006)
included a high volume of resistance exercise with multiple exercises targeting the
elbow flexor and extensor muscle group. Increasing the volume of resistance exercise
performed, can augment anabolic growth factors that are conducive to enhanced rates of
protein synthesis, including IGF-1, testosterone and human growth hormone (Ahtiainen
et al., 2003b; Crewther et al., 2008; Gotshalk et al., 1997; Kraemer et al., 1990; Marx et
al., 2001). However, others have reported no difference in the secretion of these
hormones as a consequence of increasing the exercise volume (Ostrowski et al., 1997;
Smilios et al., 2003). It should also be considered that IGF-1 secretion is highly
variable, is not necessarily dependent on the exercise volume and that the role of
anabolic hormones including IGF-1, human growth hormone and testosterone has been
questioned as a necessary stimulus for muscle growth (Borst et al., 2001; Kraemer et
al., 1991; West et al., 2009; Wilkinson et al., 2006).

If one considers an influential role of IGF-1, protein synthesis and muscle growth, it is
interesting to note that decreased IGF-1 concentrations were observed by Izquierdo and
co-workers (2006) during resistance exercise performed to task failure, whereas no
significant change in IGF-1 was apparent when contractions did not induce task failure.
Acute reductions in circulating levels of IGF-1 are reported during periods of
overreaching (Raastad et al., 2001, 2003). Overreaching can lead to overtraining, which
can interrupt the normal process of recovery and lead to a subsequent decline in
performance. For example, in resistance exercise, 1RM strength capabilities have been
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shown to decrease during periods of overtraining (Fry et al., 1994). In the current
study, 1RM was monitored every four weeks and we did not observe any decrease in
1RM within any group (Figure 4.2b). Furthermore, isolated unilateral elbow flexor
exercise such as the elbow flexion-extension activity performed in the current series of
investigation does not encourage anabolic hormone secretion (Hansen et al., 2001; West
et al., 2010). Thus, any performance reduction resulting from overtraining or
overreaching over the 12-week duration of this investigation was unlikely and the
muscle growth observed was more likely induced by mechanical loading and systemic
hormone section (Spangenburg et al., 2008).

Previous investigations examining the effect of task failure during resistance exercise
have not included measurements of muscle cross-sectional area (Drinkwater et al.,
2005; Folland et al., 2002; Izquierdo et al., 2006; Lawton et al., 2004; Rooney et al.,
1994). One study that included a measurement of muscle growth estimated muscle
cross-sectional area via arm circumference and skinfold thickness (Munn et al., 2005a).
Using circumference and skinfold measurement, Munn et al. (2005a) observed no
significant change in muscle cross-sectional area after six weeks of resistance training.
However, significant muscle growth may take six to eight weeks to appear (Staron et
al., 1994). The duration of Munn’s study therefore suggests the majority of strength
gains were likely dominated by neural adaptations (Moritani & DeVries, 1979). In the
current study, we applied a significantly longer experimental training period of 12
weeks and included an additional four-week training period to standardise recent
resistance exercise histories across groups (Chapter Two). The total 16-week training
period therefore allowed sufficient time to consider the development of muscle
hypertrophy.
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An intentional feature of our experimental design was to train all groups at the same
relatively high 6RM intensity (85% 1RM). We ensured equivalent 6RM loading across
groups in the current study, as each group performed the first set of each week to task
failure and the weekly load was adjusted for the week based on the number of
completed repetitions as per published tables (Beachle & Earle, 2000). Each group was
therefore exposed to an optimal loading strategy conducive in strength development.

Resistance exercise loading in advance of 80% of 1RM leads to the greatest increase in
electromyographic activity and strength development (Hakkinen et al., 1985). In the
current study, electromyographic activity in the agonist biceps brachii significantly
increased over time, however, no significant differences were observed between the
three groups. Similar neural adaptations following rapid shortening, rapid lengtheningshortening and traditional resistance exercise in the current investigation, suggests task
failure and high total work loads are not necessary. Each of the three conditions were
included in this investigation because of their potential to maximise neural drive. A
dynamic muscle contraction increases electromyographic activity such that motor unit
recruitment thresholds are decreased (Howell et al., 1995; Linnamo et al., 2003;
Moritani & Muro, 1987). A task to failure enhances motor unit activity via the orderly
recruitment of motor units (Ivanova et al., 1997; Milner-Brown et al., 1973b). During
resistance exercise performed to task failure, motor unit discharge is also increased as a
consequence of the progressive onset of muscle fatigue (Maton, 1981). However, a
characteristic observed during rapid muscle contractions is a further reduction in
recruitment thresholds and greater rate of motor unit discharge (Desmedt & Godaux,
1977, 1979; Van Cutsem et al., 1998). The evidence presented within Chapter Two of
this thesis, suggests that neural drive is increased during rapid heavy load muscle
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contractions, and may indicate that these characteristics of motor unit activity also occur
during heavy load rapid muscle activation. However, any change in electromyographic
activity may also have been affected by a change in contraction velocity during strength
assessments. An error may therefore have been associated with the electromyographic
data collected in the current study. In particular, one subject in the rapid lengtheningshortening group displayed an increase in biceps brachii root mean square amplitude of
more than 180% An examination of this subject’s contraction velocity during 1RM
testing indicated an decrease of ~87% in contraction time from weeks four to 16,
highlighting a change in the muscle activation strategy employed. A more rapid rate of
contraction may therefore be considered as the cause of the large change in root mean
square amplitude following rapid muscle activation training.

A change in antagonist muscle activity may also influence force production (Carolan &
Cafarelli, 1992). An increase in antagonist electromyographic activity was observed in
the current study after rapid lengthening-shortening and traditional resistance exercise,
however after rapid shortening exercise antagonist electromyographic activity
decreased. Strength is the net product of muscular activity acting about a joint
(Rutherford & Jones, 1986). A relative decrease in antagonist muscle activity allows
increased force production in the desired direction of agonist muscle action and this
pattern of recruitment is often reported after a period of resistance exercise (Aagaard et
al., 2002b; Andersen et al., 2005b; Carolan & Cafarelli, 1992; Hakkinen et al., 2003;
Hakkinen et al., 1998). The increase in force production observed after rapid shortening
may therefore have benefited from the concurrent change in agonist and antagonist
muscle activity.
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The increase in antagonist activity during rapid lengthening-shortening may be
explained by a demand to stabilise the limb causing co-contraction of the antagonist
muscle as observed by others to preserve the integrity of the joint as the velocity of
muscle contraction increases (Bennett, 1993; Hagood et al., 1990). An increase in
antagonist activity during rapid shortening may therefore also have been expected.
However, the rapid shortening movement in the current investigation, whilst increasing
the velocity of contraction also required a transition from slow lengthening to rapid
shortening and therefore a demand to initiate the movement rapidly, an action which has
been observed to decrease antagonist activity (Hagood et al., 1990). Differences in the
pattern of antagonist muscle activity during movement cannot however explain the
increase in antagonist activity we observed after traditional resistance exercise.
Antagonist electromyographic activity appears to decrease, or display no significant
change with the progressive onset of muscle fatigue (Hassani et al., 2006; Psek &
Cafarelli, 1993). The adaptation of increased electromyographic activity after 12 weeks
of resistance exercise observed in the current study was not therefore expected.

An analysis of muscle contraction velocity in week 11 also confirmed group differences
in the velocity of muscle contraction specific to isolated, or combined muscle
shortening and lengthening. The velocity of muscle shortening in the current study was
~200% higher during rapid shortening and rapid lengthening-shortening, when
compared to traditional resistance exercise. Furthermore, peak acceleration in the rapid
shortening and rapid lengthening-shortening group were respectively four- and sixtimes higher than the traditional exercise group. An increase in concentric muscle force
and peak power was observed during rapid lengthening-shortening in Chapter Two of
this thesis. These observations are consistent with previous reports of an increase in
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force output when increasing the velocity of movement under conditions where the
same relative load is applied (Newton et al., 1997). Thus, it can be concluded that rapid
lengthening-shortening, generated significantly higher force per repetition than
traditional resistance exercise. A rapid lengthening phase preceding concentric
movement enhances performance, attributed to elastic energy stored in the series elastic
element during the active pre-stretch (Finni et al., 2001; Kawakami et al., 2002).
However, despite the increase in movement velocity and acceleration observed in the
current study during rapid lengthening-shortening muscle activation, strength gains
were not augmented.

In contrast to our design, the low fatigue conditions of previous investigations have
performed the same number of repetitions as a high fatigue condition, but included
longer or more frequent rest periods between each bout of resistance exercise in the low
fatigue condition (Drinkwater et al., 2005; Folland et al., 2002; Izquierdo et al., 2006;
Lawton et al., 2004; Rooney et al., 1994). Total work was thus identical between
conditions as a consequence of matching the total number of repetitions performed.

Three of these investigations have found that increasing muscular fatigue and task
failure are important for development of skeletal muscle strength (Drinkwater et al.,
2005; Lawton et al., 2004; Rooney et al., 1994). However, despite utilising a similar
research design others have found no difference in strength gain between the high and
low fatiguing resistance exercise conditions (Folland et al., 2002; Izquierdo et al.,
2006). Establishing differences in the occurrence of task failure between groups is not
clearly evident within the design used by others equating total work. For example, the
design employed by Drinkwater et al. (2005) and Lawton et al. (2004), often trained
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subjects at a designated intensity lower than the prescribed repetition maximum load.
Indeed, Drinkwater and colleagues (2005), report that the high fatigue group only
reached task failure on one repetition in the 24-repetitions that were attempted within
each session.

In addition, the protocols applied in previous investigations have manipulated resistance
loading in their attempts to induce task failure. Izquierdo et al. (2006), Folland et al.
(2002) and Rooney et al. (1994), did not consistently apply a load above the 80% 1RM
recommended for strength development (Kraemer et al., 2002). In each of these studies,
the authors observed difficulties in completing the required number of repetitions in the
high fatigue groups. On each occasion when task failure occurred the load was reduced,
or assistance was provided to allow for successful completion of the set. As such,
differences between the experimental groups studied by Izquierdo et al. (2006), Folland
et al. (2002) and Rooney et al. (1994) were present not only in the level of muscle
fatigue induced as a consequence of rest or no-rest, but also in the resistance load
applied. Folland et al. (2002) recognised that the average load lifted by the high fatigue
group over the duration of the training period was reduced in comparison to that of the
low fatigue group. Considering the dependence of load on strength development, these
methods may have affected the strength gain achieved in the high fatigue groups
(Anderson & Kearney, 1982; Campos et al., 2002; Hakkinen et al., 1985; Moss et al.,
1997).

In the current investigation, every set resulted in task failure during traditional
resistance exercise. In contrast rapid shortening and rapid lengthening-shortening
groups performed one set to task failure every week. This task failure set was performed
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to ensure equal resistance loading between groups and a weekly adjustment in load was
applied when necessary. Our experimental groups were therefore differentiated by the
absence of task failure enforcing a reduction in total work in the rapid shortening and
rapid lengthening-shortening groups. Work is calculated as mass × acceleration ×
distance (equation 3, Chapter Two). An analysis of work performed over the 12 weeks
of training confirmed a 31% reduction in total work. However, during rapid shortening
the absolute loading was significantly increased, thus increasing the total work
performed in this group by ~15% when compared to rapid lengthening-shortening. This
is perhaps an unfair comparison as the relative external load was the same across all
three groups throughout the duration of this investigation. For this reason, a decrease in
total work is discussed in relation to the total number of repetitions performed
throughout the current thesis.

4.5 CONCLUSION
The three exercise groups in the current study displayed equivalent strength gain,
structural, and neural adaptation following 12 weeks of resistance exercise. Our results
therefore suggest that neither a high volume of exercise, nor task failure, is necessary
during resistance exercise targeting strength development. Alternatively, we suggest the
regular development of high force is the primary stimulus for strength development,
muscle growth and neural adaptation. The non-significant difference between groups in
electromyographic activity after training, may suggest increased neural drive relative to
each contraction during rapid shortening and rapid lengthening-shortening when
compared to the traditional resistance exercise condition in the current study. An
examination of the contralateral limb may assist in identifying differences in neural
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drive between these three conditions, and this is the focus of the next Chapter.
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CHAPTER FIVE:
TASK FAILURE IS NOT NECCESSARY
TO INDUCE CONTRALATERAL
STRENGTH GAIN
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ABSTRACT
This investigation examined the impact of task failure and rapid muscle activation on
contralateral adaptation during resistance exercise. Twenty-eight untrained males,
exercised three times per week for 16 weeks. High- and low-responding subjects were
identified after four weeks of standardised resistance exercise, and equally distributed
across rapid lengthening-shortening, rapid shortening, and traditional resistance exercise
groups for 12 weeks of training at 85% of 1RM. No significant difference in
contralateral 1RM was observed between rapid lengthening-shortening (17.6 ±5.6%),
rapid shortening (13.5 ±2.8%) and traditional (12.2 ±2.3%) resistance exercise
following the 12-week training phase. Contralateral MVC increased after rapid
lengthening-shortening (23.0 ±7.2%) and traditional resistance exercise (14.1 ±5.9%),
but no change was observed following rapid shortening (-0.4 ±4.3%). Contralateral
biceps brachii root mean square amplitude increased during 1RM tests after rapid
shortening (17.6 ±6.4%) and rapid lengthening-shortening (25.6 ±10.1%), but no
significant change was observed in the traditional resistance exercise group (-11.9
±5.3%). No significant change in root mean square amplitude was observed during
MVC tests in any group after the four- and 12-week training periods. The absence of a
concurrent change in electromyographic activity during the MVC strength test suggests
cortical adaptation and improved muscle co-ordination, changes that are indicative of
motor learning. Contralateral 1RM strength gains and increased contralateral
electromyographic biceps brachii activity following rapid shortening and rapid
lengthening-shortening exercise may implicate a spill-over of neural drive. However,
1RM strength gains were also observed following traditional resistance exercise. Neural
spill-over is therefore unlikely to be the candidate mechanism of contralateral transfer in
the current study.
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5.1 INTRODUCTION
It is well known that repetitive bouts of resistance training result in significant strength
gain and compensatory hypertrophy in the active muscle (Kraemer et al., 2004; Narici
et al., 1996; Narici et al., 1989; Ploutz et al., 1994; Staron et al., 1991). These gains in
muscle strength are not however limited to the active muscle, as a significant elevation
in contralateral limb strength is consistently observed following unilateral resistance
training (Cannon & Cafarelli, 1987; Hortobagyi et al., 1997; Ploutz et al., 1994; Shima
et al., 2002). Compensatory hypertrophy however, does not accompany the increase in
force producing capacity in the contralateral limb (Narici et al., 1989; Pescatello et al.,
2006; Ploutz et al., 1994). Furthermore, significant gains in muscle strength are
observed despite the absence of direct muscle loading (Yue & Cole, 1992). It is
apparent from the evidence presented in the literature that contralateral limb adaptations
are mediated, at least in part, via motor output at a spinal and, or supraspinal level
(Hortobagyi et al., 2003; Roland et al., 1980; Shima et al., 2002).

Strength gain in the contralateral limb following unilateral resistance exercise is often
accompanied by alterations in electromyographic activity of the inactive homologous
agonist, within synergist muscle groups applying force in the desired direction, and
within antagonist muscles (Carolan & Cafarelli, 1992; Hortobagyi et al., 1997;
Hortobagyi et al., 1999; Shima et al., 2002). But how is this increase in contralateral
limb muscle strength and altered activation of inactive muscle groups manifested?

Voluntary activation of the active limb is known to excite cortical motoneurons
increasing cortical drive and heightening the ability to voluntarily activate contralateral
homologous muscle after a period of unilateral resistance exercise (Hortobagyi et al.,
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2003; Lee et al., 2009). The magnitude of motor cortex excitability is directly affected
by the change in external loading requirements that increases descending neural drive to
the active limb (Hakkinen et al., 1985; Hakkinen & Komi, 1983; Hortobagyi et al.,
2003; Moritani & DeVries, 1979). Correspondingly, it has been suggested that the
strength gains observed in the contralateral limb may be related to the extent of neural
drive observed in the exercising limb (Cernacek, 1961). However, an examination of
cross education and hand dominance has indicated increased electromyographic activity
in subjects exercising the non-dominant limb, yet contralateral transfer was only
observed within subjects exercising the dominant limb (Farthing et al., 2005).
Consequently, the authors highlight that the non-dominant limb is likely to be less
familiar with the exercise task and as such may be more susceptible to contralateral
transfer.

One should however recognise that efferent neural drive is not only affected by the
extent of resistance loading, but also by the muscle activation strategy employed. For
example, dynamic muscle contractions performed to task failure increase neural drive as
a consequence of progressive motor unit recruitment in the exercising limb (Henneman
et al., 1965; Komi & Tesch, 1979; Linnamo et al., 2000a; Loscher et al., 1996). Heavy
load resistance exercise performed to task failure is consequently observed to
significantly increase contralateral limb strength (Hubal et al., 2005; Ploutz et al.,
1994). An increase in the total number of repetitions performed on the active limb may
also facilitate contralateral transfer, evidenced via increased contralateral strength gain
following multiple versus single set resistance exercise (Munn et al., 2005b). However,
Munn et al. (2005b), did not observe any benefit of multiple set resistance exercise (and
consequently increased total work), when rapid muscle contractions were performed. It
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is however noteworthy, that Munn et al. (2005b) included task failure within each set of
exercise, regardless of whether or not repetitions were performed quickly or slowly.

In the current thesis, dominant limb strength gains were shown to be independent of
task failure, and a concurrent reduction in total work during resistance exercise
incorporating rapid muscle activation and relatively heavy (6RM) external loading
(Chapter Four). In the present Chapter, the contralateral adaptations observed following
6RM resistance exercise incorporating rapid muscle activation and a lower total work
resulting from the absence of task failure, as compared to slower muscle activations
which induce higher total work and task failure, are examined.

Dynamic skeletal muscle contractions encompass both concentric (muscle shortening),
and eccentric (muscle lengthening) contractions (Faulkner, 2003). However, differences
in motor unit activity are observed during these respective phases of movement,
indicating increased activity during the concentric, relative to the eccentric, contraction
phase (Tesch & Bjorn, 2003; Tesch et al 1990; Westing et al, 1991). A concentric
contraction may therefore be considered preferable. The greatest gains in contralateral
strength are however observed following eccentric resistance exercise (Hortobagyi et
al., 1997; Weir et al., 1995, 1997). A number of differences exist in the motor control
strategies that are used for eccentric and concentric muscle contractions (Duchateau &
Enoka, 2008). It is therefore possible that a differential motor control strategy observed
during eccentric contractions may facilitate contralateral transfer. For example, not all
of the motor units that are active during lengthening also discharge during shortening
(Garland et al., 1996). Furthermore, the eccentric task demand may influence neural
control as motor units with high recruitment thresholds have been shown to discharge
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only during rapid eccentric muscle contraction (Howell et al., 1995; Nardone et al.,
1989; Semmler et al., 2007). Correspondingly, a significant increase in contralateral
limb strength was observed following resistance training incorporating rapid eccentric
muscle contractions, whilst no transfer was observed when training at a slower eccentric
velocity (Farthing & Chilibeck, 2003a).

The stretch shortening cycle is a common dynamic human movement strategy, that
combines both rapid shortening (concentric) and lengthening (eccentric) muscle
contractions in sequence (Komi, 2000). Increasing the velocity of active muscle
lengthening significantly influences both the electromyographic response that may be
related to a corresponding increase in force during movements that incorporate stretch
shortening cycle muscle activation (Kubo et al., 2007; Newton et al., 1997). In the
current study rapid lengthening-shortening significantly increased force output during
lengthening and shortening phases of the contraction and elevated electromyographic
activity (Chapter Two). The increase in concentric force output observed by Newton et
al. (1997) and in the current series of studies (Chapter Two) may, at least in part
attributed to the non-contractile elements within the muscle-tendon complex (Bosco &
Komi, 1979; Finni et al., 2001; Thys et al., 1972). Thus, potentiated contralateral
transfer may not ensue. However the significant increase in eccentric force output
observed by Newton et al. (1997) and in the current study (Chapter Two) during rapid
lengthening-shortening may facilitate contralateral transfer if one considers the
favourable relationship observed between contralateral transfer and eccentric muscle
activation (Hortobagyi et al., 1997; Weir et al., 1995, 1997). The findings presented by
Munn et al. (2005b), provide some support for this idea. The rapid muscle contractions
applied by Munn et al. (2005b) were however controlled to a 1-second cadence during
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both lengthening and shortening. As such, muscle was not activated at maximal velocity
during either shortening or lengthening movements. In Chapter Two of this thesis, our
results therefore suggest that Munn et al. (2005), may not have optimised neural drive,
or maximised force output during concentric or eccentric muscle contractions. Thus, we
are unaware of any study that has examined contralateral transfer during heavy load
resistance exercise, in which contractions were performed at the fastest possible velocity
during both the shortening and lengthening phases of contraction.

In this investigation, task failure, total work and the velocity of muscle activation during
lengthening and shortening differed across three exercise groups. As discussed, Munn
and others (2005b), suggest that high total work does not influence contralateral
transfer, when task failure was induced. The aim of the current study was therefore to
examine contralateral adaptation following resistance exercise programmes via a
reduction in total work, through the absence of task failure. Considering the benefits
associated with rapid muscle activation, it was hypothesised that rapid muscle activation
would provide a more beneficial stimulus for contralateral adaption. Strength
adaptations were examined via a one repetition maximum (1RM) and an isometric
maximal voluntary contraction (MVC). It is essential to include MVC assessments in
strength training interventions as improved adaptations relative to the specificity of
movement utilised during resistance training exercise are well established (Rasch &
Morehouse, 1957; Thorstensson et al., 1976). This task specificity is also subject to
contralateral transfer as indicated by studies that have shown contralateral strength gains
to be specific to the mode of exercise (Hortobagyi et al., 1997; Seger et al., 1998).
Electromyographic activity of the homologous agonist and antagonist muscles was
recorded during pre- and post-test assessments. The inclusion of MVC tests may
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therefore more closely reflect neural adaptation contributing to a contralateral strength
gain in the absence of motor learning related to the specifics of the exercise task (Shima
et al., 2002). Contralateral strength was also monitored during the four-week
standardised resistance training period (Chapter Three). The contralateral strength gain
obtained during the four-, and proceeding 12-week training periods will be examined
within the current Chapter.

5.2 METHODS

5.2.1 Subjects
Twenty-eight untrained males, who had not participated in resistance exercise for a
minimum of six months, completed this investigation. All subjects provided a
voluntary, written, informed consent and completed physical activity and medical
history questionnaires. All procedures were approved by the Human Ethics Research
Committee (University of Wollongong). Note, Chapter Five is one part of a larger
study which includes both Chapters Three (pre-training) and Four (adaptations in the
exercised limb).

5.2.2 Experimental design
The focus of this experiment was upon contralateral strength adaptation. Unilateral,
dominant limb elbow flexions and extensions were performed through a 100° range of
motion (60°-160°) in a supine position, using custom-built apparatus. The experimental
position is illustrated in Chapter Two of this thesis (Figure 2.1). Before being assigned
to a treatment group, all subjects completed a four-week period of standardised
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progressive

resistance

exercise

involving

elbow

flexion-extension,

(2-second

shortening, and 2-second lengthening), three times per week. The resistance exercise
programme and the benefits of a standardised period of training to minimise intrasubject variability are discussed in Chapter Three of this thesis.

Following the standardised training period, subjects were equally distributed, on the
basis of 1RM strength gain, to one of three groups, differentiated on the basis of the
velocity of elbow flexion and, or extension, and the total number of repetitions
performed in each set (Table 5.1); i) traditional resistance exercise, trained to task
failure using slow (2 second) shortening and (2 second) lengthening phases, ii) rapid
shortening, emphasised the muscle shortening phase of movement using maximal
acceleration during shortening and a slow (2 second) lengthening and iii) rapid
lengthening-shortening maximally accelerated both the shortening and lengthening
phases. A full description of the movements performed by these three groups is given in
Chapter Two. Each group performed four sets of resisted elbow flexion-extension
resisted exercise (85% 1RM), three times per week for 12 weeks.

To ensure all groups exercised against a similar relative load, each group performed the
first set of each week to task failure, the weekly training load was then calculated based
on the number of completed repetitions (Beachle & Earle, 2000). Work was then
manipulated in rapid shortening and rapid lengthening-shortening groups as subjects
were instructed to perform only four repetitions in each remaining set, thus completing
approximately 30% less work than the task failure group, who completed approximately
six repetitions per set.
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Table 5.1 Kinematics of the experimental training regimens

Condition

Eccentric

Concentric

Load

ROM

Repetitions

RS

2 Seconds

Rapid

85% 1RM

60º-160º

Four

RLS

Rapid

Rapid

85% 1RM

60º-160º

Four

TR

2 Seconds

2 Seconds

85% 1RM

60º-160º

Task failure

Notes: The methodological design is presented by the eccentric and concentric
contraction time, resistance load applied, range of motion set, and repetitions to be
performed in the three groups. Rapid shortening (RS), rapid lengthening shortening
(RLS) and traditional (TR) resistance exercise.
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5.2.3 Strength measurement
Contralateral strength was assessed three times: at baseline, after the four-week
standardised training period and again after the 12-week training period. All elbow
flexor strength measurements were performed in the experimental position (Figure 2.1).

Dynamic one repetition maximum (1RM) and static maximal voluntary contraction
(MVC) at 90° of elbow flexion strength assessments were performed. Strength gains are
observed within a non-exercising control group indicating familiarity with testing
procedures (Farthing et al., 2005). For this reason, contralateral 1RM strength
assessments were not included with the dominant limb 1RM strength tests every four
weeks (Chapter Four). During all contralateral strength assessments, electromyographic
activity in the contralateral limb was collected simultaneously from the biceps brachii
and triceps brachii. Resistance exercise training regimens were maintained twice per
week during strength assessments performed after the initial baseline tests.

5.2.3.1 Maximal voluntary contraction (MVC)
A five second static MVC was performed at 90° of elbow flexion to assess non-specific
strength development on the contralateral limb. Subjects were instructed to produce
maximal force as rapidly as possible, at the illumination of an LED signal light. Visual
feedback via an oscilloscope (Digitor Q-1808, DS-203) and verbal encouragement to
reach maximal force was given throughout the contraction. After five minutes rest,
subjects performed a second MVC to confirm a maximal effort had been made, if the
difference was >5%, another five minute rest period was given and a third MVC was
performed (Galganski et al., 1993; Spiegel et al., 1996). A 1000 N load cell (Applied
Measurement, X-TRAN, 51W-1kN, Eastwood, NSW, Australia) recorded force (N), via
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a DC pressure amplifier (Neurolog, Digitimer Neurolog, 108A, Hertfordshire, UK). The
highest MVC recorded (within 5% variation) was taken for analysis.

5.2.3.2 One repetition maximum (1RM)
A five-minute rest period was given after MVC testing, prior to the task specific 1RM
assessment. The desired 100° range of motion was set by guide bars at 160-60°.
Subjects began the 1RM assessment at 60° of elbow flexion, extending to 160° and
returning to the flexed position. Initial contralateral limb 1RM tests began with a load
20% lighter than the pre-recorded dominant limb 1RM strength. Subsequent
contralateral 1RM tests began with the previously recorded contralateral maximum.
Upon the successful completion of one repetition through the full range of motion, the
load was adjusted in increments of 0.25-2.5 kg, 1RM was determined as the highest
successful repetition to the closest 0.25 kg. A minimum of two-minute rest period was
given between successive attempts and an average of 4.3 ±0.2 attempts was completed
per person on the contralateral limb before 1RM was achieved.

5.2.4 Electromyography (EMG)
During 1RM and MVC assessments, surface electrodes (Ag/AgCL contact diameter 15
mm) were adhered to the biceps and triceps brachii. Electrodes were positioned central
to the acromion process and elbow crease with a 2 cm inter-electrode distance, adhered
over the bicep brachii muscle belly and the medial head of the triceps brachii as
described in Chapter Two of this thesis. The electrode position was marked with henna
dye and maintained throughout the experimental period to ensure consistent electrode
placement during subsequent measurements. Electromyographic signals were preamplified with a low frequency cut-off (3 Hz), amplified (1000x), and high (10 Hz) and
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low (500 Hz) band pass filtered (Neurolog 844, 820, 144, 135, Digitimer Neurolog,
Hertfordshire, U.K.). Data were collected at 2000 Hz per channel, and processed via an
analogue to digital converter (Power 1401, Cambridge Electronic Design, Cambridge,
U.K.) using Spike 2 software (Ver 5.13, Cambridge Electronic Design, Cambridge,
U.K.), and stored on a computer (Latitude D810, Dell, Round Rock, Texas, U.S.A.).

5.2.5 Movement velocity and distance
A shaft encoder (E6C2-CWZ6C-1000, Omron, Minato-ku, Tokyo, Japan) delivering
1000 pulses per revolution instrumented the pulley wheel, providing information
relating to time, distance and direction for every 0.07 mm of movement. The desired
range of motion for each subject was calibrated as their limb was moved passively
throughout the 100º range of motion from 60-160°. Data from the shaft encoder was
processed via the power 1401 analogue to digital converter, displayed on the computer
screen and analysed using spike 2 software. Consequently, an accurate representation of
the completed range of motion, total contraction time, movement velocity and
acceleration was provided during 1RM exercise testing.

5.2.6 Data analysis
Data were analysed using Spike 2 software. A script programme was written to display
each data channel, insert cursors for the analyses and record peak force (N),
electromyographic root mean square (mV) and mean frequency (Hz). The assessment of
MVC data included the positioning of a cursor to correspond with the onset of the LED
light stimulus during MVC assessments. A series of cursor windows set to 250 ms time
intervals then scrolled the duration of the MVC, and data was exported to a text file.
Peak force was identified as the largest value within a 250 ms period, and peak root
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mean square and peak mean frequency (hamming window, 128 bins) were reported over
the same time interval. In the assessment of 1RM data, a cursor was positioned at the
beginning of the movement as identified by pulses delivered from the shaft encoder. A
series of 250 ms cursor windows with a 50% overlap then scrolled the duration of the
contraction. Data were transported to a text file and the mean root mean square and
mean frequency over the duration of the contraction recorded (hamming windowed, 128
bins). Root mean square data are reported as the percentage change between
experimental trials. Mean frequency (Hz) is reported as the peak during MVC tests, or
mean during 1RM tests.

5.2.7 Statistical analyses
A Two-Way repeated measures ANOVA was used to determine between-group
differences over time in MVC, 1RM and respective electromyographic assessments.
When significant interactions were detected, simple main effect analyses and post hoc
Bonferroni correction for multiple comparisons were applied (Prism Ver. 5.00,
GraphPad Software, San Diego California USA). Data are reported as means ± SE,
unless otherwise stated as standard deviation (SD). All statistical analysis was
performed with a set alpha level of P<0.05.

5.3 RESULTS
No significant differences were observed in the general characteristics of age (23.8 SD
6.3 yrs), weight (80.1 SD 12.2 kg) or height (179.5 SD 7.1 cm) between the
experimental exercise groups. Group averages are reported in Table 5.2. Subjects were
compliant to both the standardised and experimental resistance training sessions,
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Table 5.2 Group averages of age, weight and height recorded at the onset of training

Condition

N

Age (yrs)

Mass (kg)

Height (cm)

RS

8

24.3 SD7.0

77.9 SD12.1

179.0 SD8.8

RLS

10

23.7 SD6.2

85.0 SD13.7

179.0 SD7.5

TR

10

23.4 SD6.6

76.9 SD10.2

180.0 SD5.8

Note: Data represents the number, average age, mass and height of subjects completing
the 12-week resistance exercise intervention in the three groups. Rapid shortening (RS),
rapid lengthening shortening (RLS) and traditional (TR) resistance exercise.

181

attending on average 15.7 SD 0.7 training sessions out of 16 training sessions during the
standardised exercise period. We observed no significant difference in compliance to
the experimental resistance training regimen between the groups with rapid lengtheningshortening, rapid shortening and traditional resistance exercise groups attending on
average of 33.8 SD 0.5, 33.6 SD 0.8, and 33.7 SD 0.5 of 34 training sessions
respectively.

5.3.1 Strength
5.3.1.1 Maximum Voluntary Contraction (MVC):
Baseline MVC strength was recorded as 81.0 ±3.0 Nm and 82.4 ±2.9 Nm on the
dominant and contralateral limbs. An 11.3 ±3.3% and 4.2 ±2.7% increase in MVC was
observed in the dominant and contralateral limbs respectively following four weeks of
standardised resistance exercise. No significant difference in MVC strength was
observed between groups on the dominant (88.7 ±4.0 Nm) or contralateral (86.0 ±5.3
Nm) limbs prior to experimental training. A pooled analysis showed dominant limb
MVC strength increased significantly (P=0.0017) by 13.3 ±3.6% with no significant
difference observed between groups. However, a significant group by time interaction
(P=0.0273) was observed in contralateral limb MVC after the twelve-week
experimental period. Rapid lengthening-shortening (18.1 ±6.5 Nm) and traditional
resistance exercise (9.9 ±3.5 Nm) resulted in significant (P=0.0018) gains in
contralateral MVC strength, whilst the rapid shortening group (-0.6 ±3.8 Nm) displayed
no significant change (Figure 5.1). Rapid lengthening-shortening muscle activation and
traditional resistance exercise therefore provided a more favourable stimulus for
contralateral strength development.
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Figure 5.1 Change in contralateral limb maximal voluntary contraction strength (%).
Rapid shortening (RS), rapid lengthening-shortening (RLS), and traditional (TR)
resistance exercise. Data represent means ± SEM. † = significantly different to rapid
shortening. Significance is set at p<0.05.
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5.3.1.2 One Repetition Maximum (1RM):
An increase (P<0.0001) in 1RM strength was observed after four and 12 weeks in
contralateral and dominant limbs (Figure 5.2 and 5.3). No significant differences in
1RM strength were observed between the three groups prior to the 12-week training
period on the dominant or contralateral limbs. Contralateral strength increased from
17.8 ±1.2 kg to 20.7 ±1.3 after rapid lengthening-shortening, 21.6 ±1.1 to 24.3 ±1.1 kg
after rapid shortening and 19.4 ±1.5 to 21.5 ±1.3 kg after traditional resistance exercise
and no significant interaction was observed. As expected, 1RM strength gains were
greater than MVC strength gains for both the dominant and contralateral limbs.

Despite significant differences in dominant limb strength, contralateral limb strength
increased similarly in the high- and low-responding subjects identified in Chapter
Three. Low responders recorded significantly greater (P=0.027) 1RM strength in the
contralateral limb (19.8 ±1.0 kg) compared to high responders (16.6 ±0.8 kg) at
baseline. A pooled analysis revealed a significant increase in contralateral strength from
baseline of 8.6 ±1.4% after standardised resistance training (weeks 0-4), and a further
14.1 ±2.1% after weeks 4-16. No significant differences in contralateral 1RM strength
gains were however observed between groups.

5.3.2 Electromyography (EMG)
Despite the significant 1RM strength gains observed during the standardised period of
training, biceps brachii root mean square amplitude during 1RM tests did not
significantly change over time on the contralateral limb. However, a significant group
by time interaction (P=0.0026) was detected in biceps brachii root mean square
amplitude during 1RM strength tests between conditions on the contralateral limb after
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Figure 5.2 Change in contralateral limb one repetition maximum (%). Rapid shortening
(RS), rapid lengthening-shortening (RLS), and traditional (TR) resistance exercise.
Strength assessments performed after standardised (weeks 0-4, checked), and 12-week
training periods (weeks 4-16). Data represent means ± SEM. † = significant difference
from baseline; ‡ = significant difference from standardised resistance exercise.
Significance is set at p<0.05.
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Figure 5.3 Change in dominant limb one repetition maximum (%). Rapid shortening
(RS), rapid lengthening-shortening (RLS), and traditional (TR) resistance exercise.
Strength assessments performed after standardised (weeks 0-4, checked), and 12-week
training periods (weeks 4-16). Data represent means ± SEM. † = significant difference
from baseline; ‡ = significant difference from standardised resistance exercise.
Significance is set at p<0.05.
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the 12-week training period (Figure 5.4). No significant differences in biceps brachii or
triceps brachii root mean square were observed in any experimental group during MVC
strength tests after the four- or 12-week exercise periods.

5.4 DISCUSSION
Within this investigation, the contractile force production capacity of the contralateral
biceps brachii muscle was examined. The strength gain observed in the untrained,
contralateral limb, was approximately 50% of the trained limb adaptation within both
periods of resistance exercise. Three key observations emerged after the 16-week
resistance training period; i) a contralateral MVC strength gain in the absence of any
increase in electromyographic activity after 12 weeks of rapid lengthening-shortening
and traditional resistance exercise; ii) similar task-specific contralateral 1RM strength
gain after 12 weeks within all conditions, despite differences in electromyographic
activity; iii) contralateral 1RM and MVC strength gains in the absence of any increase
in electromyographic activity after only four weeks of resistance exercise. The
adaptations therefore differed between conditions on the contralateral limb, and the null
hypothesis (1.6.4.1) is rejected. The contralateral transfer observed in the current study,
was not exclusively related to any pattern of electromyographic activity detected in the
dominant or contralateral limbs.

Our observations of increased MVC force production in the absence of any change in
electromyographic activity were not expected. It is generally agreed that neural
adaptations are responsible for the increase in force generating capacity of the untrained
limb (Hortobagyi et al., 1997; Moritani & DeVries, 1979; Shima et al., 2002). For
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Figure 5.4 Change in contralateral limb biceps brachii root mean square (%) during
1RM assessments performed after standardised resistance training (weeks 0-4) and 12
weeks (weeks 4-16) of rapid shortening (RS), rapid lengthening-shortening (RLS) and
traditional (TR) resistance exercise. Data represent means ± SEM. † = significantly
different to rapid shortening.
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example, an increase in surface electromyographic activity in the untrained limb has
been shown following 6-12 weeks of unilateral resistance exercise, implicating a change
in motor unit activity (Hortobagyi et al., 1997; Moritani & DeVries, 1979).
Furthermore, a similar increase in voluntary activation assessed via the modified twitch
interpolation technique is observed in trained and contralateral limbs following six
weeks of unilateral resistance exercise (Shima et al., 2002). Alternative mechanisms to
explain the increase in contralateral MVC force production following traditional
resistance exercise and rapid lengthening-shortening should therefore be considered.

A prolonged period of resistance exercise in an active limb results in muscle
hypertrophy and the increased muscle size contributes to any increase in force output
observed (Gollnick et al., 1981; MacDougall, 2003; MacDougall et al., 1984; McCall et
al., 1996). However, an increase in cross-sectional area of the contralateral limb has not
been observed in previous investigations (Narici et al., 1989; Pescatello et al., 2006;
Ploutz et al., 1994).

A change in synergist muscle activation may contribute to force production, in the
absence of any change in agonist muscle activation. Shima et al., (2002) reported
increased electromyographic activity in the contralateral limb across the medial and
lateral gastrocnemius and soleus muscle groups, suggesting increased muscle activity
within muscle synergies may occur. In the current thesis, participants performed an
elbow flexion task that may have resulted in activation of muscle located at the
glenohumeral, humeroradioulna and proximal radioulna joints. Muscle activity in the
upper trapezius and anterior deltoid was examined in the trained limb, yet no changes
were reported in Chapter’s Two, Three and Four of this thesis across groups performing
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rapid lengthening-shortening, rapid shortening or traditional resistance exercise.
However, synergist muscle activity was not examined on the contralateral limb in the
current investigation. A change in contralateral synergist muscle activation following
the four- and 12-week periods of resistance exercise within this thesis cannot therefore
be discounted.

Cortical adaptation can occur during muscle contraction in the absence of any change in
sub-cortical activity (Carson et al., 2004; Hortobagyi et al., 2003). For example, motor
evoked potentials in a relaxed limb can be stimulated by contralateral muscle activation
without concurrently stimulating subcortical activity influencing the motoneuron pool,
suggesting increased excitability at the level of the motor cortex (Carson et al., 2004;
Hortobagyi et al., 2003). It is therefore evident that contralateral strength gains may be
influenced by adaptations that occur in the cortical region in the absence of any change
in motoneuron activity that may be detected by surface electromyography.

A learning effect may therefore be induced following unilateral resistance exercise as
periods of unilateral practice excite both contralateral and ipsilateral cortical
hemispheres of the brain

(Koeneke et al., 2006). Furthermore, disruption in the

contralateral hemisphere via transcranial magnetic stimulation induces excitation in the
ipsilateral hemisphere and force output can be maintained, suggesting transfer across
cortical regions (Sterns et al., 2003). Increased cortical activity may therefore be a
mechanism for contralateral force transfer observed in the current investigation.

However, an increase in contralateral MVC force was observed only after traditional
resistance exercise and rapid lengthening-shortening. The activity observed within the
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motor cortex has been shown to be dependent on the external load during muscular
contractions (Perez & Cohen, 2008). Yet, an equivalent heavy relative load was applied
across the three experimental conditions in the current investigation. Cortical plasticity
has however recently been shown following high volume resistance exercise. Changes
in cortical plasticity were associated with increased contralateral strength gain and
enlargement and increased activation of the sensoriomotor cortex regions of the brain
(Farthing et al., 2007). The traditional resistance exercise model used in the current
investigation applied a significantly greater volume of exercise and may therefore have
facilitated cortical adaptations. However, both rapid shortening and rapid lengtheningshortening applied a reduced volume of exercise. Previous investigations have observed
increased cortical activity in both the trained and untrained hemispheres and
correspondingly, amplification of neural drive to the active muscle during dynamic
muscle activation with the instruction to contract as fast as possible (Carroll et al., 2008;
Lee et al., 2010). The kinematic analysis of movement performed in Chapters Two and
Four of the present thesis, confirm significantly increased movement velocities during
rapid lengthening-shortening. As such, the increase in contraction velocity observed
during rapid lengthening-shortening may also have stimulated cortical adaptation.

An increase in cortical activity may therefore have influenced contralateral transfer
after, rapid lengthening-shortening and traditional resistance exercise in the current
investigation. Cerebellar activity is increased in regions of the brain during cognitive
processing tasks and in the control of limb movements that may reflect motor learning
(Imamizu et al., 2000; Kim et al., 1994). Event related potentials in the brain provide an
indication of cerebral processing and cognitive function in humans (Picton et al., 2000).
An increase in cerebral blood flow correlates with the amplitude of event related
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potentials in the brain, reflective of cortical excitability during motor control
(Higashima et al., 1996; Hortobagyi et al., 2003; Stedman et al., 1998).

It is possible that rapid lengthening-shortening and traditional resistance exercise may
have increased cerebral blood flow in the current investigation. Previous investigations
have shown that cerebral blood flow and synaptic activity is amplified when increasing
the force of a muscle contraction, or repeatedly performing the same task (Dettmers et
al., 1995; Dettmers et al., 1996; Grafton et al., 1995; Pascual-Leone et al., 1995;
Pascual-Leone et al., 1994). Cortical activity may therefore have been stimulated by the
repeat number of contractions performed during exercise to task failure, and the
increase in relative force output observed in Chapter Two as movement velocity during
rapid lengthening-shortening. Thus, our results support an increase in cerebella activity
during rapid lengthening-shortening and traditional resistance exercise. Therefore, we
propose a model of motor learning in contralateral strength adaptation, stimulated by
increased cerebral blood flow.

A significant increase in contralateral 1RM and MVC strength was also observed after
only four weeks of exercise in the current study. Significant strength gain and
electromyographic adaptation has previously been observed on the contralateral limb
after only four weeks of resistance exercise (Hortobagyi et al., 1997; Moritani &
DeVries, 1979). However, in the current study, we observed no change in
electromyographic root mean square after the four-week period of standardised
resistance exercise. These results also favour motor learning and cortical adaptation as
the dominate mechanism for contralateral strength gain during the early phases of
resistance exercise.
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Contralateral 1RM strength adaptation was however increased during the subsequent
12-week training period after rapid shortening, rapid lengthening-shortening and
traditional resistance exercise. Trained and untrained limbs experience greater strength
adaptation when the relative mass is increased (Hortobagyi et al., 1997; Moritani &
DeVries, 1979; Moss et al., 1997). It is therefore possible that the increase in load
applied after the four-week standardised resistance exercise period further stimulated
neural activity, promoting neural adaptation and contralateral strength gain.

In the current investigation, a significant increase in contralateral limb root mean square
amplitude of the agonist, was observed during task specific 1RM tests after 12 weeks of
rapid lengthening-shortening (25%) and rapid shortening (17.5%) resistance training.
One of the proposed mechanisms for contralateral adaptation is the diffusion of
descending central drive, resulting in bilateral activation of the homologous muscle
during the unilateral training task which appears most obvious as the active contraction
approaches maximal effort (Cernacek, 1961; Hopf et al., 1974). The spill-over of neural
drive to the contralateral side may therefore have contributed to the strength gain
observed during rapid shortening and rapid lengthening-shortening. However, the spillover of efferent drive to the inactive contralateral limb reported in the literature does not
exceed 20% of maximal electromyographic activity (Farthing & Chilibeck, 2003a;
Hortobagyi et al., 1997; Hortobagyi et al., 1999). This level of spill-over is unlikely to
account for the contralateral strength gain, as significant bilateral muscle activation
would result in compensatory hypertrophy in the untrained limb and no significant
increase in contralateral muscle cross-sectional area has been observed (Hortobagyi et
al., 1996; Housh et al., 1992; Hubal et al., 2005; Narici et al., 1989; Pescatello et al.,
2006; Ploutz et al., 1994). In addition, no change in contralateral root mean square
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amplitude was observed after 12 weeks of traditional resistance exercise. Therefore
despite differences in contralateral neural drive, the 1RM strength adaptation observed
was similar in all three groups. Furthermore, an increase in MVC strength, in the
absence of any change in electromyographic activity, was observed in the current study
following rapid lengthening-shortening and traditional resistance exercise. The potential
spill-over of descending neural activity from the active to the contralateral limb, does
not therefore appear to be the dominant mechanism of contralateral strength transfer
observed in the current study.

Heavy load rapid dynamic unilateral activation may have facilitated supraspinal motor
discharge, contributing to the increase in motor unit activity observed during task
specific 1RM strength testing of the contralateral limb. However, a heavy external
resistance alone may not be sufficient to evoke a change in neural drive in the
contralateral limb. Maximal isometric activation does not increase the amplitude of the
electromyographic f-wave in the opposite limb, therefore reflecting no change in
supraspinal activation of the largest motor units with the fastest conduction velocities
(Carson, 2005; Vatine & Gonen, 1996). Rapid muscle activation however markedly
increases efferent drive, activating high threshold motor units and rapidly increasing
firing rates (Desmedt & Godaux, 1977; Grimby & Hannerz, 1977; Van Cutsem et al.,
1998). Evidence of increased neural drive in the dominant limb during rapid
lengthening-shortening resistance exercise was reported in Chapter Two.

A limitation of the current study was the absence of contralateral measures of crosssectional area and contralateral electromyographic recording during exercise. Including
these measures in future research would provide relevant information to support or
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reject the spill-over of efferent neural drive as a significant mechanism of contralateral
strength transfer during heavy resistance exercise incorporating rapid shortening and
rapid lengthening-shortening contractions.

In the current study, electromyographic activity was not directly associated with the
observed increase in muscle strength. Contralateral muscle adaptation is restricted to the
homologous muscle groups activated during resistance muscle contractions in the
exercising limb (Shima et al., 2002). A decrease in co-activation of the antagonist has
been shown to contribute to an increase in force output in the contralateral limb
(Carolan & Cafarelli, 1992). In the current study, examination of the contralateral
antagonist muscle (triceps brachii) however revealed no significant change in any
training group. The increase in contralateral strength observed did not therefore result
from a concurrent decrease in antagonist muscle activation.

Synergist muscle activation was not recorded in the current investigation and to our
knowledge contralateral adaptation in synergist muscle has not previously been
investigated. Appropriate activation of the relevant antagonist and synergist muscle
groups may improve muscular coordination, reduce limb stiffness and reflect motor
learning in response to the presentation of a new skill (Gribble et al., 2003; Osu et al.,
2002; Rutherford & Jones, 1986). An increase in the involvement of the contralateral
synergist muscles during the MVC and 1RM would increase total force output
independently of agonist muscle activation and is a mechanism that deserves further
investigation.
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5.5 CONCLUSION
Rapid lengthening-shortening and traditional resistance exercise each successfully
induced static (MVC) and dynamic (1RM) strength gains in the contralateral limb.
However, muscle activity in the contralateral agonist did not significantly influence the
magnitude of contralateral strength gain. We suggest the improvements in contralateral
muscle force were pre-dominantly mediated within the motor cortex and support a
model of motor learning. The differential affects of contralateral transfer between the
three modes of activity during task specific 1RM testing, also highlights neural spillover. However, our methods do not allow us to conclusively support any one
mechanism. An examination of cortical activity, efferent drive, and contralateral
adaptation, during resistance exercise provides an interesting avenue for future research.
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CHAPTER SIX:
MECHANISMS RESPONSIBLE FOR
SKELETAL MUSCLE ADAPTION IN THE
ABSENCE OF TASK FAILURE
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6.1 INTRODUCTION
In this thesis, the impact of task failure and rapid muscle contraction velocities on
electromyographic activity, strength and hypertrophic adaptations to resistance exercise
during and following resistance exercise activity were examined. It is well established
that skeletal muscle adaptations are affected by the magnitude of external loading
(Anderson & Kearney, 1982; Campos et al., 2002; Moss et al., 1997). Commonly,
resistance training regimens have focused upon improving single repetition force
production, through the utilisation of relatively heavy loads (75-85% of 1RM), low limb
velocities, and relatively high volumes ≥3
( sets)

most commonly performed to task

failure (Carroll et al., 1998; McCaulley et al., 2009; Narici et al., 1996). As resistance
loads become heavier, the number of repetitions one can perform consecutively prior to
task failure is reduced (Shimano et al., 2006). Research in the 1940’s formally
introduced task failure as a feature of repetition maximum loading regimens (Delorme,
1945; Delorme & Watkins, 1948). Subsequently, training to task failure has become a
common feature of many research designs within the published literature (Andersen &
Aagaard, 2000; Kraemer et al., 1999; McCall et al., 1996; Narici et al., 1996).

Only one investigation has directly examined the necessity of task failure (Izquierdo et
al., 2006). In this research Izquierdo et al. (2006), observed no interference in strength
adaptation when repetitions were not performed to task failure. Indirectly, greater
strength gains have been observed when repetitions are continuously performed to task
failure, versus those that incorporate inter-repetition rest periods (Rooney et al., 1994).
However, more recently, Folland et al. (2002) observed similar strength gains after no
rest, and inter-repetition rest protocols. It is not clear therefore, if resistance exercise
incorporating task failure is necessary for strength adaptation.
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Izquierdo et al. (2006), Folland et al. (2002) and Rooney et al. (1994) each balanced the
total number of repetitions performed within each of their experimental groups. The
total number of repetitions performed was therefore equal and within all groups.
Phenotypic changes following resistance exercise are however induced despite a
decrease in the total number of repetitions performed. For example, one and three sets
of resistance exercise performed to task failure have been shown to induce equivalent
strength gains (Munn et al., 2005a). Munn et al. (2005a) and Izquierdo et al. (2006),
each included a heavy external resistance concurrently with rapid shortening muscle
contraction velocities. The muscle activation strategy employed may therefore have
contributed to the strength gains observed.

The evidence therefore suggests that heavy load rapid shortening muscle activation
positively affects skeletal muscle adaptation and the possible mechanisms are discussed
throughout the present thesis. In the current thesis, we hypothesised that increased
electromyographic activity, indicative of increased motor unit activity, may be observed
following resistance training incorporating heavy load rapid velocity muscle
contractions.

However,

existing

research

has

not

included

assessments

of

electromyographic activity. The investigation and null hypothesis examined in Chapter
Two was thus an exclusive feature of this thesis (Table 6.1).

Resistance exercise interventions that have observed significant benefits when using
heavy loads and rapid muscle activation, have only manipulated the velocity of muscle
shortening, and the velocity of muscle lengthening has been controlled (Caserotti et al.,
2008; Fielding et al., 2002; Izquierdo et al., 2006; Munn et al., 2005a). However, rapid
muscle lengthening has been shown to be a more potent stimulus for muscle growth and
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Table 6.1 Null hypothesis and outcomes
Null Hypothesis

Outcome

Electromyographic activity in the biceps brachii will not differ

Rejected

significantly during rapid shortening, rapid lengthening-shortening and
traditional resistance exercise.

Baseline 1RM strength and 1RM strength gain following a standardised

Rejected

period of resistance exercise will not be significantly correlated with the
adaptation observed during a subsequent period of heavy load resistance
exercise.

Task failure is essential to illicit the greatest gains in one repetition

Rejected

maximum, maximal voluntary contraction strength, muscle crosssectional area, and electromyographic activity following 12 weeks of
resistance exercise.

Contralateral one repetition maximum, maximal voluntary contraction
strength and electromyographic activity will be similar between rapid
shortening, rapid lengthening-shortening and traditional resistance
exercise groups following 12 weeks of resistance exercise.
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Rejected

recruitment of higher threshold muscle fibres (Farthing & Chilibeck, 2003b; Nardone et
al., 1989; Shepstone et al., 2005).

A combined rapid lengthening and rapid shortening muscle activation, typically
observed during a stretch shortening cycle acutely increases electromyographic activity
and force output during heavy load resistance exercise (Newton et al., 1997). However,
it is unclear if heavy load non-ballistic resistance exercise displays a characteristic
stretch shortening cycle muscle activation. A kinematic analysis of heavy load rapid
lengthening-shortening, rapid shortening and traditional resistance exercise was
therefore performed (Chapter Two). Furthermore, no existing investigations have
examined physiological adaptations following rapid lengthening-shortening resistance
training. These adaptations were examined in Chapter Four of the current thesis.

The aim of Chapter Four was to determine if resistance exercise inclusive of task failure
is essential to illicit marked gains in muscle hypertrophy, electromyographic activity,
and enhance force production capabilities. The null hypothesis (Table 6.1) and the
assessment of electromyographic activity and muscle cross-sectional area following
rapid shortening and rapid lengthening-shortening were novel assessments in this thesis.

The outcomes of Chapters Four and Five, suggest that task failure and high total work
are not key stimuli for skeletal muscle adaptation when heavy load rapid muscle
activations are performed. The mechanisms responsible for the associated acute and
chronic adaptations during rapid lengthening-shortening, rapid shortening and
traditional resistance exercise (Chapters Two, Four and Five) will now be discussed.
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6.2 DOMINANT LIMB SKELETAL MUSCLE ADAPTATIONS ARE NOT
DEPENDENT ON TOTAL WORK OR TASK FAILURE
In Chapter Two, electromyographic root mean square amplitude in the biceps brachii
was elevated during rapid lengthening-shortening, indicative of increased muscle
activation. Differences in electromyographic activity were therefore observed between
groups and the null hypothesis (Table 6.1) was rejected. Rapid concentric muscle
activation is known to facilitate motor unit recruitment and discharge (Desmedt &
Godaux, 1977, 1979). It was therefore expected that electromyographic activity would
also be greater during rapid shortening, when compared to traditional resistance
exercise. This was not however observed.

In this thesis, rapid lengthening-shortening significantly increased the velocity of
movement in each phase of the contraction independently, and decreased the duration of
the amortisation phase (Chapter Two). Correspondingly, rapid lengthening-shortening
muscle contractions increased force and power outputs and elevated electromyographic
activity during the eccentric phase of contraction. As such, it was concluded that heavy
load rapid lengthening-shortening resistance exercise does induce the mechanical
characteristics associated with the stretch shortening cycle (Komi & Bosco, 1978; Thys
et al., 1972).

The facilitation of concentric movement during rapid lengthening-shortening was
however transient. The elevated force outputs were observed only within the first 15%
of concentric movement. Previous investigations have observed elevated concentric
force outputs throughout the full range of motion during ballistic rapid lengtheningshortening (Newton et al., 1997). The differences observed may therefore have arisen
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from the concentric breaking demand of the non-ballistic movement employed in
Chapter Two. In addition, the potentiated movement concentric movement
characteristics we observed in the first repetition had diminished at the point of
repetition failure, despite the continued elevation in eccentric velocity and a decreased
period of amortisation.

In contrast to previous reports (Newton et al., 1997) the rapid lengthening-shortening
exercise employed in the current study, did not increase concentric neural drive. Instead,
the differences we observed were limited to the eccentric phase of contraction. The
elevated force output and electromyographic response we observed during the eccentric
phase of contraction may highlight increased muscle activation during muscle
lengthening.

The eccentric phase of contraction provides a significant stimulus for strength
adaptation. This has been demonstrated by increased strength gain following combined
eccentric and concentric, when compared to concentric only resistance exercise (Dudley
et al., 1991). Furthermore, whilst the adaptations observed following isolated eccentric
or concentric resistance exercise resistance exercise are task specific, hypertrophic gains
are greater following eccentric exercise (Higbie et al., 1996). Eccentric exercise
significantly elevates force production and appears greatest when the velocity of
eccentric movement is increased (Komi et al., 2000a; Tesch et al., 1990).
Correspondingly, the hypertrophic response of skeletal muscle is increased when rapid
eccentric movements are performed (Farthing & Chilibeck, 2003b). It may therefore be
reasonable to conclude that the increase in force developed during an eccentric
contraction may facilitate skeletal muscle adaptation. In the isoinertial movement
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condition examined in Chapter Two, eccentric and concentric force were similar when
muscle contraction velocities were controlled, yet were significantly elevated during the
eccentric phase, when movement velocities increased.

Rapid lengthening-shortening was therefore considered as a mode of muscle activation
that should be incorporated within the longitudinal resistance exercise intervention of
this thesis. The inclusion of a rapid lengthening-shortening resistance training regimen
was unique to this thesis. Previous investigations have manipulated the speed of muscle
shortening, and report similar strength gains despite the absence of task failure, or
decreased total work (Izquierdo et al., 2006; Munn et al., 2005a). It was therefore also
important in this thesis to examine the effects of a reducing the total work by the
absence of task failure during rapid shortening, a design that has not been previously
considered. Furthermore, previous authors have not included electromyographic
assessments concurrently with their examinations of strength development (Fielding et
al., 2002; Izquierdo et al., 2006; Munn et al., 2005a). The inclusion of
electromyographic and magnetic resonance imaging assessments thus addresses gaps
within the existing literature.

The benefits of heavy load rapid muscle contractions we observed are in line with
previous investigations that have observed no impact on strength development when
total work is reduced and rapid muscle contractions are performed (Izquierdo et al.,
2006; Munn et al., 2005a). However, in extension, our results suggest that when rapid
muscle contractions and heavy load resistance exercise are combined, the concurrent
absence of task failure alongside a decrease in total work does not negatively impact on
skeletal muscle adaptation.
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The structural and neural adaptations observed within rapid shortening, rapid
lengthening-shortening and traditional resistance exercise were also similar, supporting
the conclusions made in this thesis. An increase in muscle cross-sectional area of ~10%
was observed in the dominant limb within the three exercise groups. Muscle growth is
primarily influenced by myocellular signalling, and a corresponding increase in protein
synthesis that may be affected by systemic and local hormone secretion following
resistance exercise (Hakkinen & Pakarinen, 1993; Kraemer et al., 1999; Spangenburg et
al., 2008; Wilkinson et al., 2006). Endocrine hormone secretion is increased during high
volume resistance exercise programs that are performed to task failure (Craig & Kang,
1994; Gotshalk et al., 1997; Kemmler et al., 2004). However, unilateral biceps brachhii
resistance exercise does not significantly increase endocrine secretion of insulin like
growth factor, growth hormone, or testosterone (West et al., 2010). For this reason,
unilateral elbow flexion was specifically chosen in this thesis as an activity that limits
endocrine signalling.

Myocellular signalling events therefore become the primary cause of muscle growth and
are known to be affected by the intensity and mode of the contractile stimulus. For
example, phosphorlyation of mitogen-activated protein kinases have been shown to be
tension-dependent, whilst p70s6k phosphorylation and IGF-1 secretion is elevated
following high force eccentric contractions (Bamman et al., 2000; Eliasson et al., 2006;
Martineau & Gardiner, 2001).

In addition, high, but not low frequency electrical

stimulation has been shown to stimulate mTOR phosphorylation and associated
signalling cascades leading to protein synthesis (Atherton et al., 2005; Parkington et al.,
2003). Considering the elevated force outputs observed during rapid lengthening-
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shortening in Chapter Two, we had anticipated that rapid lengthening-shortening may
provide an additional stimulus for protein synthesis. This was however not observed.

In addition to the dominant limb adaptations reported on after the four and 12-week
resistance training regimens, contralateral limb strength gains were examined and
reported as ~50% of the dominant limb strength gain after both the four-, and 12-week
periods of resistance exercise. Given the identical relative loads between the groups, it
may therefore be considered that both trained and untrained limb adaptations are
dependent on the resistance load. Previous investigations have observed a dependence
on external loading for strength and neural adaptation in the trained and contralateral
limbs (Cernacek, 1961; Hortobagyi et al., 1997; Hortobagyi et al., 1999; Moritani &
Muro, 1987; Shima et al., 2002). Thus, the magnitude of efferent neural drive to the
active limb appears to influence contralateral adaptation.

In the current thesis, electromyographic activity increased by the same magnitude in all
three experimental groups. It can therefore be concluded that task failure and high
relative workloads were not associated with neural adaptation when heavy load rapid
muscle contractions were performed. The justification for included rapid muscle
contractions was based on observations of decreased motor unit recruitment thresholds
and increased rates of motor unit discharge when the velocity of muscle contraction is
increased (Desmedt & Godaux, 1977, 1978; Van Cutsem et al., 1998). It is possible that
this pattern of motor unit activity occurred during the rapid shortening and rapid
lengthening-shortening resistance exercise activities included in this thesis. As such
neural adaptation may not be enhanced from exposure to repeated muscle activation
beyond a threshold point, at which maximal motor unit activity is achieved. An
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equivalent change in electromyographic activity after 12 weeks of resistance exercise
(Chapter Four), suggests this threshold is observed at, or prior to four repetitions
performed at 85% of 1RM, during rapid shortening and rapid lengthening-shortening
contractions.

Electromyographic activity in the flexor muscle group is greater during resisted muscle
shortening when compared to lengthening (Tesch et al., 1990; Westing et al., 1991).
One would therefore expect increased contralateral strength gain after resisted muscle
shortening. However, a greater change in strength and electromyographic activity in the
contralateral limb is observed after resisted muscle lengthening (Farthing & Chilibeck,
2003a; Hortobagyi et al., 1997). It may therefore be considered that electromyographic
activity in the active limb does not predict contralateral adaptation. However, the
characteristics of motor unit activation during muscle lengthening may differ from
muscle shortening. For example, the selective recruitment of high threshold motor units
has been observed during muscle lengthening, and perhaps significantly was influenced
by the velocity of movement (Nardone et al., 1989). In addition, eccentric exercise may
be neurologically more complex when compared to concentric exercise (Fang et al.,
2001, 2004). Fang and colleagues observed elevated amplitudes in movement related
cortical potentials demonstrated that onset of cortical activity occurred significantly
earlier to allow for the planning and preparation of eccentric compared to concentric
movement (Fang et al., 2001, 2004). Furthermore, a comparison of these two studies
indicates that eccentric cortical activity was also magnified when the force demands of
the task increased.
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In the current thesis, contralateral strength gains were not associated with any consistent
pattern of electromyographic activity on either the contralateral or active (trained)
limbs. In Chapter Three, electromyographic activity and one repetition maximum
(1RM) strength gains in the active limb were significantly greater amongst high- (29.5
±8.3% and 25.1 ±1.4%) compared to low- (2.4 ±6.0% and 9.5 ±1.4%) responders, yet

contralateral strength adaptation was similar (8.6 ±1.4%). Furthermore, no change in
contralateral electromyographic activity was observed. In Chapters Four and Five, it
was evident that neural adaptations were not wholly transferred. The change in
electromyographic activity on the dominant limb was similar after 12-weeks of rapid
shortening, rapid lengthening-shortening and traditional resistance exercise. All three
groups also experienced similar contralateral 1RM strength gains. However,
electromyographic activity in the contralateral limb only increased concurrently with
1RM strength after rapid shortening and rapid lengthening-shortening.

Maximal voluntary contractions may provide a more appropriate measure of
contralateral adaptation following dynamic training, as a learning effect can be observed
when using a testing mode that is similar to training (Hortobagyi et al., 1997). In this
thesis, MVC strength increased following rapid lengthening-shortening (23.0 ±7.2%)
and traditional resistance exercise (14.1 ±5.9%), indicating increased contralateral
transfer in these two conditions. However, no accompanying increase in
electromyographic activity was observed. Collectively, these observations suggest that
contralateral strength gains were not dependent on an increase in electromyographic
activity. Alternative explanations for the increase in contralateral limb strength are
therefore considered.
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Electromyographic activity in the contralateral antagonist muscle has been show to
decrease after resistance exercise, reducing muscular resistance to the desired direction
of movement and increasing force output (Carolan & Cafarelli, 1992). In the current
thesis however, no change in antagonist muscle activity of the contralateral limb was
observed. Thus, an adaptation in the contralateral homologous synergist muscle may
have occurred. Our results suggest that any change in the synergist muscle would favour
rapid lengthening-shortening and traditional resistance exercise, as MVC strength was
increased only in these two conditions. Synergist muscle activation in the trained limb is
greater during rapid eccentric activation and repeated task performance as muscle
fatigue develops (Barry et al., 2005; Carson, 2006; Hunter et al., 2008; Rudroff et al.,
2007; Tamaki et al., 1998). We are however unaware of any research that has examined
contralateral synergist adaptation in isolation after unilateral resistance exercise and
cannot comment on the significance of any such adaptation.

In Chapter Five, it was therefore considered, that in the absence of increased
electromyographic activity, the contralateral strength gains observed in the current study
were not related to spinal α-motoneuron excitability. Unilateral contractions increase
motor evoked potentials indicative of supraspinal excitability in the absence of any
change in subcortical motoneuron activity (Carson et al., 2004; Hortobagyi et al., 2003).
Furthermore, increased cortical activity and improved activation in contralateral and
ipsilateral regions of the brain has been observed following a period of resistance
exercise (Farthing et al., 2007; Lee et al., 2009). It was therefore considered that an
increase in cortical activity may have influenced contralateral adaptation during the
resistance exercise tasks examined within this thesis.
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Cortical activity is elevated as the task becomes more difficult and, or the velocity at
which the task is performed increases (Chen et al., 2008; Sunaert et al., 2000; Winstein
et al., 1997). An increase in cortical blood flow, is also observed when the force of a
muscle contraction is increased and, or repetitive tasks are performed (Dettmers et al.,
1995; Dettmers et al., 1996; Grafton et al., 1995; Pascual-Leone et al., 1995; PascualLeone et al., 1994). In the current thesis, the resistance load was equivalent in all
conditions, muscle contraction velocities were however greatest during rapid
lengthening-shortening, and total work was increased during traditional resistance
exercise. Traditional resistance exercise may therefore have increased cortical activity
as a result of task failure, and rapid lengthening-shortening as a consequence of
contraction velocity.

In the dominant limb, evidence of excitability within spinal α-motoneurons is
inconsistent. Electrophysiological variables associated with both spinal and supraspinal
activity have been shown to increase after 14 weeks of heavy load dynamic resistance
exercise (Aagaard et al., 2002a). However, only increased supraspinal activity is
observed after four weeks of static resistance exercise (Del Balso & Cafarelli, 2007). In
the current study, electromyographic activity did not increase concurrently with strength
after either four- or 12-week periods suggesting no change in efferent neural drive
reflective of spinal α-motoneuron activity in the contralateral limb. Equivalent changes
in surface electromyography after 12-weeks of rapid shortening, rapid lengtheningshortening and traditional resistance exercise does however suggest an increase in spinal
α-motoneuron activity in the dominant limb.
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In Chapters Four and Five, the outcomes of the 12-week resistance exercise intervention
were dependent on the stimulus (rapid lengthening-shortening, rapid shortening, or
traditional resistance exercise). The rate and magnitude of strength gain observed, can
however be influenced by extraneous variables. For example, strength gains and
concurrent changes in muscle cross-sectional area are five times greater in untrained,
compared to trained subjects, in response to the same stimulus (Ahtiainen et al., 2003a).
In Chapter Three of this thesis, common interventions utilised in the research literature
to minimise inter-subject variability in strength adaptation were examined prior to the
12-week resistance exercise period.

A four-week standardised resistance exercise period was applied in an attempt to
normalise strength across the group, and allow the identification of high- and lowresponders. A four-week period of training was considered necessary as a significant
increase in electromyographic activity is observed concurrently with strength gain
within the first four weeks of resistance exercise (Moritani & DeVries, 1979). Thus, this
investigation utilised both a fixed pre-training period, and on the basis of the strength
gain observed in response to this four-week standardised intervention, subjects were
allocated to experimental groups for a further 12 weeks of resistance exercise. The
variation in 1RM strength gain relative to a subject’s baseline 1RM strength, and initial
responsiveness to standardised resistance exercise were examined in Chapter Three.

6.3

MECHANISMS

RESPONSIBLE

FOR

VARIABILITY

IN

ONE

REPETITION MAXIMUM STRENGTH GAIN
In Chapter Three, high and low responding subjects were identified by the strength gain
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observed in response to four weeks of standardised resistance exercise. High responders
increased 1RM strength by more than 25%, and low responders less than 10%. Despite
an identical period of resistance exercise, the adaptation observed in the untrained
cohort recruited in this thesis was therefore diverse. Commonly, researchers recruit
untrained subjects, defined as those who have not participated in resistance exercise for
a minimum of 6-12 months to control the differences in strength adaptation observed in
heterogeneous groups (Carroll et al., 1998; Kamen & Knight, 2004; McBride et al.,
2003; Munn et al., 2005a). Within this thesis, subjects that had not participated in any
formal resistance training for at least six months were included within the investigation.
Our results therefore suggest that inclusion criteria based solely on the absence of
formal resistance training for six months is unsatisfactory. Significant inter-subject
variance in strength development has been consistently identified within homogenous
untrained cohorts (Hubal et al., 2005; Pescatello et al., 2006). However, researchers
have attempted to control this source of extraneous variance by counterbalancing
subjects across groups such that the initial strength capabilities of all groups are equal
prior to an exercise intervention (Cribb et al., 2007; Folland et al., 2002; Kraemer et al.,
2004; Moss et al., 1997; Paddon-Jones et al., 2001). Surprisingly, although
counterbalancing of experimental groups is commonly published, the effectiveness of
this strategy has never been formally investigated.

The sources of inter-subject variance in strength adaptation were examined in Chapter
Three. The initial 1RM at baseline was retrospectively identified after the combined
four- and 12-week periods of training, as the most significant factor (R2= -0.85)
influencing the rate of strength gain. The rate of strength gain during standardised
resistance exercise was inversely proportional to a subject’s baseline 1RM strength
212

capability. Baseline 1RM in the group that made the least gains in strength following
training (low-responders) was 19.7 ±0.9 kg, in comparison to the 15.6 ±0.7 kg baseline
1RM of the group that showed the greatest gains in strength (high-responders). The
results presented in Chapter Three therefore suggest that counterbalancing subjects via
baseline 1RM strength is an effective strategy to control inter-subject variability.

Previous investigations have also utilised control periods of resistance activity in an
attempt to pre-condition, and familiarise subjects with the equipment and exercise
(Campos et al., 2002; Dudley & Djamil, 1985; Kraemer et al., 1998; Staron et al.,
1994). Similarly however, there is no published literature that has examined
responsiveness to a period of pre-experimental training. A significant (R2 =-0.17) effect
of standardised resistance exercise on subsequent adaptation responsiveness to the 12week intervention was observed in the current thesis. The null hypothesis (Table 6.1)
was therefore rejected, as a significant effect of standardised resistance exercise relative
to the variance in 1RM strength gain between subjects was observed.

The strength adaptation of high- and low-responders was tracked during the 12-week
intervention, however, an equivalent 1RM strength gain of ~30% was observed within
both groups. Inter-subject variability was therefore only significant in the first four
weeks of resistance exercise within this thesis. The diversity in strength adaptation is
best demonstrated by examining subjects at either end of the high- and low-responder
spectrum during standardised resistance exercise. For example, one subject increased
one repetition maximum by ~34%, and in contrast another subject displayed no change.
An examination of the health-related physical activity questionnaires identified
differences in employment and recreational physical activity patterns between these two
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subjects. The high responding subject was physically active, although the intensity,
frequency and duration of weekly activity were significantly lower in comparison to the
low responding subject (Table 6.2). Furthermore, the high responding subject did not
engage in physically active employment, whereas the low responding subject
considered the physical demands of employment as very hard. These differences in
physical and endurance related activity were consistent within the high and low
responding groups collectively (Table 3.1). We therefore believe that endurance related
activity influenced subject responsiveness in the first four weeks of this investigation.

Previously some researchers have specifically considered occupational activity,
endurance and resistance exercise histories during subject recruitment (Andersen et al.,
2005a; Hubal et al., 2005; Kraemer et al., 1998; Pescatello et al., 2006). Significant
differences in endurance and occupational activity between high- and low-responders in
the current thesis may have affected adaptation responsiveness. Within this thesis it was
decided not to control endurance activity during the resistance training regimen, as this
is not a common feature included within the published resistance training literature.
Nevertheless, the decreased strength adaptation of low-responders during standardised
resistance exercise may be accounted for by interference from concurrent endurance
activity (Bell et al., 2000; Dudley & Djamil, 1985; Hickson, 1980). However, the
evidence suggests that endurance activity does not affect strength adaptation during
extended periods of resistance training (Hakkinen et al., 2003). This may have been
demonstrated in the current study, as despite differences in endurance and work related
activity, high- and low-responders adapted at similar rates during the 12-week
intervention. Concurrent habitual endurance activity during longer resistance exercise
interventions may not therefore influence adaptation responsiveness.
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Table 6.2 Self–reported habitual physical activity

Area of physical activity

High

Low

Do you consider yourself habitually active?

Yes

Yes

Does your employment involve physical work?

No

Yes

<1 x /wk

~3 x/wk

~2-3 x/wk

~4-6 x/wk

~20-30mins

50-60mins

Frequency of vigorous endurance exercise?
Frequency of recreational / sporting physical activity?
Average time spent in a single exercise session?
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In the current thesis, it was considered that the responsiveness of subject adaptation
during the first four weeks of exercise was influenced by endurance and occupational
activities. Initial strength gains are explained by an increase in neural activity,
commonly observed from electromyographic assessments of muscle (Moritani &
DeVries, 1979). Indeed, the strength gain in high-responders (25.1 ±1.4%) was
accompanied by a significant increase in electromyographic root mean square (29.5
±8.3%), whereas the strength gain of low-responders (9.5 ±1.4%) was not concurrent

with any change in root mean square (2.4 ±6.0%). In the current investigation subject
responsiveness was therefore directly associated with neural adaptation.

The criterion for subject recruitment in the current study was that they had not
participated in resistance exercise for a period of at least six-months. The absence of
resistance exercise in a period of detraining significantly decreases electromyographic
activity, such that all neural adaptations are lost after only three months (Andersen et
al., 2005a; Hakkinen & Komi, 1983; Narici et al., 1989). Therefore neural activity
should have been similar across the entire cohort upon recruitment. However,
differences in the rate of neural adaptation suggest this was not the case. Transcranial
magnetic stimulation fails to increase the MVC force production capacity of resistance
trained subjects, suggesting that resistance training increases one’s ability to achieve
complete activation of the motoneuron pool during a maximal voluntary effort (Del
Olmo et al., 2006). Correspondingly, heavy resistance loads≥80%
(
of 1RM), which
provide a greater neural stimulus are required in order for trained subjects to obtain an
increase electromyographic activity (Hakkinen et al., 1985; Hakkinen et al., 1987). Del
Olmo et al. (2006), also note the absence of any increase in evoked force during a
maximal isometric contraction amongst 50% of untrained subjects. Low- responders in
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the current study may therefore have displayed the capacity to achieve complete motor
unit recruitment upon voluntary muscle activation prior to the resistance training
intervention. Furthermore, strength and neural adaptations were significantly increased
within low-responders during the 12-week period, in comparison to the four-week
standardised period of

resistance exercise, when heavier loading was applied, a

response similar to that observed amongst resistance training subjects (Hakkinen et al.,
1985; Hakkinen et al., 1987).

It may therefore be considered that the high-responders were less accustomed to
exercise and displayed a more typical response observed in untrained subject groups.
For example, A training period of only four weeks also increases voluntary activation
capabilities and induces neuromuscular adaptation in untrained subjects (Del Balso &
Cafarelli, 2007). Furthermore, lower relative loads equivalent to 75% 1RM or less, have
been shown to increase muscle strength and electromyographic activity in untrained
subjects (McBride et al., 2003; Moritani & DeVries, 1979; Moss et al., 1997). It may
therefore be considered that untrained subjects have a greater capacity to adapt
considering their initial reduced capacity to activate muscle. Further investigations
examining the rate of strength adaptation relative to voluntary activation capacities
would provide further insight.

The differences in electromyographic activity following four weeks of standardised
resistance exercise in this investigation, may be related to the endurance and physical
activity patterns of high and low responding subjects. Endurance trained individuals
display increased torque production capabilities relative to muscle cross-sectional area,
and an increased capacity to voluntary activate muscle when compared to inactive peers
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(Alway et al., 1996; Lattier et al., 2003). Furthermore, elderly individuals with a history
of regular physical activity display increased electromyographic activity, greater peak
torque, and higher rates of torque development during MVC tests, when compared to
historically less active counterparts (Laroche et al., 2007). Physical activity independent
of resistance exercise therefore appears to effect neural drive.

Leisure time, and employment related physical activity has also been shown to
influence muscle growth (Szulc et al., 2004). It is therefore possible that low responding
subjects possessed larger biceps brachii cross-sectional area prior to standardised
resistance exercise. However, the average muscle size of high- (11.97 ±0.54 cm2) and
low- (12.90 ±0.63 cm2) responders was similar after the four-week standardised
resistance exercise period. Muscle cross-sectional area was not assessed prior to the
standardised resistance exercise period, as it is well established that four weeks of
resistance exercise is not sufficient to induce a change in muscle cross-sectional area
(Abe et al., 2000; Moritani & DeVries, 1979; Staron et al., 1994). Thus, given
similarities in muscle cross-sectional area after four weeks, it is possible to infer that
muscle size was also similar between high- and low-responders prior to the standardised
resistance exercise period.

In the current thesis we have shown that the rate of dynamic strength gain is
predominantly explained by initial 1RM strength. Genetics must however be considered
as a factor that explains the inter-subject variance associated with strength adaptation.
The correlation in dynamic strength gain of monozygotic twins is more than three times
greater than dizygotic twins, indicating a strong genetic influence on dynamic strength
capacity (Thomis et al., 1998c). Muscle genetics have been shown to influence skeletal
218

muscle performance, α-actin binding genes are associated with dynamic and static
strength capabilities, and individuals with ACE I genotype possess a greater capacity for
strength gain following resistance exercise (Clarkson et al., 2005; Montgomery et al.,
1998; Pescatello et al., 2006). High- and low-responders in this study may therefore
have possessed differences in their genetic pre-disposition favouring the development of
skeletal muscle strength.

The dynamic strength gain observed during the 12-week training period which followed
standardised resistance exercise, was similar amongst high- and low- responders.
However, considering the significant differences in the initial stages of resistance
exercise, the total strength gain observed over combined four- and 12-week training
periods was significantly greater amongst high- (62.1 ±2.5%) when compared to low(43.6 ±2.7%). responders In the current thesis, high- and low-responders were
counterbalanced across rapid shortening, rapid lengthening-shortening and traditional
resistance exercise groups prior to the 12-week training period. Furthermore, 1RM
strength capabilities of high (19.5 ±0.7 kg) and low (21.5 ±1.0 kg) responding subjects
were similar prior to the 12-week intervention. We can therefore be confident that the
12-week intervention was not biased by the individual rates of strength adaptation that
are observed within an untrained cohort.

6.4 EXPERIMENTAL LIMITATIONS
Throughout the current thesis, total work was reported as the volume of exercise
performed considering mass × repetitions in line with previous investigations
(Gonzalez-Badillo et al., 2005; Kramer et al., 1997; Starkey et al., 1996). Total work is
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however a product of force × distance. The external mass (kg) and total number of
repetitions performed were considered in our definition of total work. However, a
simple calculation of the number of repetitions performed may not accurately assess
total work, particularly when differences in contraction velocity may impact upon the
total range of motion travelled in each repetition. However, in Chapter Two, our
calculations demonstrated that the average force developed over the course of a
dynamic contraction was not influenced by the velocity of muscle contraction. One may
therefore consider that differences in contraction velocity would not impact upon the
calculations of total work. This is however a speculative assumption.

In the resistance training intervention of this thesis, electromyographic activity was
examined every four weeks. The limitations of the electromyographic recording
techniques are discussed in Chapter Two and the points discussed should be considered
when interpreting the electromyographic results presented in Chapters Three, Four and
Five of this thesis. In Chapter Two, intramuscular electrodes were also utilised, but
were not used in chapters Three, Four and Five. A change in muscle activation is
difficult to accurately determine when using intramuscular electrodes over time, as the
location of the intramuscular electrode cannot be precisely re-positioned at an identical
position and depth within the muscle fibre. Such variability in location significantly
affects the reliability of the experimental technique during longitudinal investigations
(Komi & Buskirk, 1970). In addition, one should also consider that surface electrodes
recordings may be unreliable during dynamic movements, particularly when reference
is made to the frequency spectra (Christie et al., 2009; Kossev et al., 1992; Morimoto,
1986). Frequency components of the electromyographic signal were therefore not
examined within this thesis.
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However, surface electrode root mean square amplitudes are considered to reflect a
change in efferent neural drive and have been shown to increase concurrently with
electrically stimulated V waves (Del Balso & Cafarelli, 2007). A V wave is influenced
by descending motor drive and spinal motoneuron excitability (Upton et al., 1971). As
such, surface electrodes are commonly utilised during resistance exercise training
studies to infer a change in neural drive (Hakkinen et al., 2000a; Hakkinen et al., 1998;
McBride et al., 2003; Narici et al., 1996). It was therefore considered appropriate in
this thesis to include surface electromyography as a measure of neural drive during the
16-week intervention (Chapters Four and Five).

In the current thesis, three exercise groups were examined, yet we did not include a nonactive control group. A non-active control group can display an increase in strength of
as much as 10% as a consequence of familiarity with the exercise testing procedures
(Farthing et al., 2005). A non-active control group was not included in the current
study. The adaptations observed after rapid lengthening-shortening and rapid shortening
were compared to the traditional resistance exercise group, which acted as a control. A
non-active control group may have reduced the impact of the observed strength gain,
but would have done so with an equal effect across all groups. The similarities we
observed in dominant limb strength gain, neural and structural adaptation, would
therefore remain. It may also be considered that the manipulation of muscle activation
velocity and total work concurrently was a limitation. However, previous investigations
have shown that strength adaptation is reduced when the exercise volume is decreased
and slow muscle contractions are performed (Munn et al., 2005a, 2005b).
Consequently, a reduced volume slow muscle contraction exercise group was not
considered necessary in this investigation. An additional exercise group incorporating
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rapid muscle contraction inclusive of task failure may have provided further insight.
However, Munn et al. (2005a) also previously observed no additional benefit from high
total work resistance exercise protocols inclusive of task failure when incorporating
rapid muscle activation.

6.5 FURTHER INVESTIGATIONS
In the current thesis, dynamic (1RM), and static (MVC) strength, neural (EMG) and
structural (MRI) adaptations were equivalent in rapid lengthening-shortening and rapid
shortening exercise groups, despite a 31% reduction in total work enforced by the
absence of task failure. Our results therefore complement the findings of others that
highlight the benefits of heavy load rapid muscle activation (Caserotti et al., 2008;
Fielding et al., 2002; Munn et al., 2005a). However, chronic adaptations to heavy load
resistance exercise incorporating rapid muscle activation have only been studied during
a simple single joint task. The applicability of heavy load rapid muscle contractions is
therefore advised in multi-joint muscle groups.

The increase in electromyographic root mean square amplitude we observed during
rapid lengthening-shortening, suggests a net increase in motor unit activity (Suzuki et
al., 2001). Motor unit activity can be examined specifically, using fine wire, selective
and, or bipolar needle electrodes (Enoka et al., 1988; Griffin et al., 2000; Kossev &
Christova, 1998; Van Custem & Duchateau, 2005). A further examination of motor unit
properties via one or more of these invasive techniques, during heavy load slow and
rapid muscle activation is therefore advised.
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The change in muscle cross-sectional area observed after rapid shortening, rapid
lengthening-shortening and traditional resistance exercise in the current thesis were
similar. A high volume resistance exercise task to failure may stimulate anabolic
hormone secretion (Kraemer et al., 1990). However in this thesis the unilateral biceps
brachhii activity restricted circulating anabolic hormone concentrations (West et al.,
2010). In this thesis we proposed that rapid muscle activation facilitated myocellular
signalling events leading to protein synthesis. Mammalian target of rapomyocin
(mTOR), is influenced by the intensity of the external stimulus (Atherton et al., 2005;
Martineau & Gardiner, 2001; Parkington et al., 2003). However, no study has examined
mTOR signalling during resistance exercise heavy load resistance exercise, when the
intensity of exercise differs as a consequence of limb activation velocity. An
examination of mTOR signalling during resistance exercise differing only in the
velocity of muscle activation would confirm if further this stimuli affecting muscle
growth.

Insulin like growth factors (IGF-1) have been identified in the intracellular signalling
pathways leading to mTOR activation (Dudek et al., 1997; Rommel et al., 2001).
Previous investigations have observed a decrease in IGF-1 during resistance exercise
training incorporating task failure (Izquierdo et al., 2006; Raastad et al., 2001, 2003). In
Chapter Four, we do not highlight any decrease in dynamic 1RM strength capabilities
indicative of overtraining (Fry et al., 1994). However, dynamic strength gains were
assessed every four weeks during the 12-week intervention, increasing in every test
session following rapid lengthening-shortening training. One subject experienced no
strength gain after a four-week period of rapid shortening resistance exercise. However,
30% of the subjects in the traditional resistance exercise group displayed no strength
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gain within a four-week period between tests, and one subject recorded no strength gain
in two consecutive occasions. Consequently, we suggest that overtraining may have
occurred in the task failure training group during the intervention applied in the current
thesis. An analysis of overtraining and examination of hormonal responses during
resistance exercise incorporating task failure is therefore warranted.

Contralateral strength development was affected by the mode of muscle activation in the
current thesis; however, electromyographic adaptations were not concurrent with
contralateral strength adaptation. Consequently, we suggest that rapid lengtheningshortening and traditional resistance exercise tasks stimulated cortical activity. The
effect of heavy load rapid muscle activation on cortical activity is however unknown.
Future studies which examine cortical activity and cerebral blood flow during a range of
resistance exercise tasks are therefore advised.
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ABSTRACT
Electromyographic activity is increased to a greater extent during occluded versus nonoccluded resistance activity below 50% of 1RM. However, muscle activity during occluded
resistance exercise at intensities equal to, or above 50% of 1RM has not been investigated.
Ten subjects performed occluded (110 mmHg) and non-occluded 50% 1RM elbow flexion
separated by 20 minutes of rest. Movement speed for each trial was controlled to a 2-second
shortening and 2-second lengthening cadence, and repetitions were performed until task
failure. Electromyographic root mean square amplitude was recorded from surface and
intramuscular electrodes at the biceps brachii. The number of successful repetitions
completed in non-occluded conditions (24.4 ±2.0) was significantly higher than occluded
conditions (19.7 ±1.0). A significant increase in surface and intramuscular root mean square
was observed from first to last repetition within occluded (52.3 ±23% and 87.7 ±17.5%) and
non-occluded (56.2 ±15.0% and 94.2 ±17.8%) conditions. No significant difference in root
mean square activity was observed between occluded and non-occluded conditions at the first
or last repetition. In the current investigation, occlusion elevated the rate of fatigue, however
electromyographic root mean square was similar to non-occluded exercise, suggesting motor
unit activity in the biceps brachii was the same in occluded and non-occluded conditions
during exhaustive resistance exercise performed at 50% of 1RM.

INTRODUCTION
Training with relatively low external loads of ≤50% of one repetition maximum (1RM) in the
presence of occlusion appears to augment strength gain and increase muscle cross-sectional
area (Takarada et al., 2002; Takarada et al., 2000b; Takarada et al., 2004). The strength gain
obtained during low load occlusive resistance activity may even be comparable to those
obtained when training without occlusion utilising external loading of up to 80% of 1RM
(Takarada et al., 2000b).

Relevant acute muscular responses including, an increase in circulating concentrations of
plasma lactate, growth hormone and increased electromyographic activity are evident during
occluded resistance exercise below 40% of 1RM (Takarada et al., 2000a; Takarada et al.,
2002; Takarada et al., 2000b; Takarada et al., 2004). Upper limbs appear to require
significantly lower occlusive pressure to compress the underlying arteries and veins to
decrease in blood inflow though the arteries than the lower limbs, and typically supradiastolic
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pressures of 110mmHg have been applied. However, the most obvious increase in
electromyographic activity has been observed when 200mmHg of diastolic was applied to the
upper arm during resistive exercise performed at 20% 1RM (Moritani et al., 1992).

As the external load reaches approximately 50% of 1RM, the effects of occlusion are less
apparent. For example, at ~50% 1RM an increase in metabolic stress and muscle activation
has been observed during occluded resistance exercise, however no concurrent effect on
surface electromyographic activity is apparent and dynamic strength gains are similar to nonocclusive conditions after 8 weeks of training (Burgomaster et al., 2003; Moore et al., 2004).
Surface electrodes are however subject to error due variation in the shape and amplitude of
motor units as the muscle fibres shift during dynamic movement (Kossev et al., 1992). An
intramuscular electrode inserted and fixed in the muscle fibres however maintains its
position, and thus provides a more accurate representation of motor unit activity during
dynamic movement.

This paper will show that surface and intramuscular electromyographic activity is similar
during occluded (110mmHg) and non-occluded resistance exercise at 50% 1RM.

METHODS
Subjects
Ten healthy, recreationally active males (30.3 ±6.2 yrs, 1.79 ±.077m, 75.5 ±19.57kg)
volunteered for participation in the investigation. Subjects were informed of experimental
procedures and written consent was obtained. Experimental procedures were approved by
the University of Wollongong Research Human Ethics Committee.

Experimental design
Each subject attended the laboratory on two separate occasions. The first session assessed
elbow flexion-extension one repetition maximum (1RM) strength. Subjects were strapped
across the sternum and shoulder to limit movement of the trunk and performed an elbow
flexion-extension task from 180-90o. After a minimum of 48 hours, subjects visited the lab a
second time to complete two sets of elbow flexion-extension (180-90o) at 50% 1RM. Each set
was performed to task failure; one set was performed with mild limb occlusion of 110mmHg
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(OCC) and one set without occlusion (NON OCC). The order of the trials was randomly
allocated and 20-minutes rest separated each trial.

Occlusion was delivered via a pressure cuff (Hokanson, 65mm), secured to the upper active
arm and inflated to 110mmHg via a rapid cuff inflator (Hokansen E20, AG101 cuff inflator)
immediately prior to OCC performance. 110mmHG was chosen to restrict arterial blood flow
in-line with the mean occlusive pressure applied by Takarada and colleagues (2000b). The
speed of elbow flexion movement was controlled via a metronome to 2-second muscle
shortening and 2-second muscle lengthening during occluded and non-occluded exercise.
Range of motion was monitored via a custom made electrical goniometer.

Electromyography (EMG)
The biceps brachii was prepared for surface and intramuscular electromyographic recording.
The surface of the skin was shaved, abraded and wiped with alcohol. Two surface electrodes
(Ag/AgCL contact diameter 15 mm) were adhered parallel to the muscle fibres over the belly
of the biceps brachii with an inter-electrode distance of 20mm (Cram et al., 1998). A
reference electrode was adhered to the most prominent portion of the right clavicle. Two
single strand, Teflon coated (75µm) stainless steel intramuscular electrodes (7910, SDR
Clinical Technology, NSW, Australia) with a 1mm exposed tip, were inserted simultaneously
via a single 25 gauge needle ~12mm into the lateral portion of the biceps brachii 1.

Surface and intramuscular EMG recordings were collected at 2000Hz, with a low frequency
cut-off of 3Hz, 10Hz high-pass and 500Hz low-pass filter (Neurolog NL844, NL820, NL144,
NL135, Digitimer Neurolog, Hertfordshire, U.K.), via an analogue to digital converter
(Power 1401 Cambridge Electronic Design, Cambridge, UK) and stored on a laptop computer
(Dell Latitude, D600, Pentium 4, 2.4 GHz). Data was later analysed using proprietary
software (Spike 2 Ver 5.13, Cambridge Electronic Design, Cambridge, U.K.). The concentric
contraction phase was identified via the electrical goniometer waveform data in first and last
repetitions, and electromyographic root mean square amplitude calculated.

1

Electromyographic recording techniques utilised in this study were identical to the recording of biceps brachii
muscle, discussed in detail in chapter 2.
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Statistics
Paired samples t-tests assessed for significant differences between conditions. Work was
assessed via the number of repetitions performed through the full range of motion, confirmed
via the goniometer trace. Root mean square values were recorded during the first and last
repetitions were compared within conditions and between conditions. The relative change in
root mean square recorded in the first and last repetitions were normalised within conditions.
Comparisons across conditions were performed by normalising the first repetition of
occlusion, to the first repetition of non-occlusion and the last repetition of occlusive exercise
was also normalised to the equivalent repetition during non-occlusive conditions. Root mean
square data is presented as the percentage differences during comparisons. All data were
analysed for statistical significance using SPSS (SPSS inc. ver11.5, Chicago, IL). Data are
reported as mean ± SEM unless otherwise stated as standard deviation and was considered
significant at ≤0.05.

RESULTS
Subjects performed repetitions to task failure in both occluded and non-occluded conditions
against 50% 1RM). The number of completed repetitions was significantly reduced during
occluded exercise and a performance decrement of 19.3% was observed (Figure 8.1).

Surface and intramuscular biceps brachii root mean square activity increased significantly
from the first to final repetition, during occlusion and non-occlusion (Figure 8.2). No
significant difference in surface or intramuscular electromyographic root mean square values
was observed between conditions. Furthermore, root mean square activity during the last
repetition of occluded exercise was similar to the repetition of equal number during nonoccluded exercise.

DISCUSSION
The application of occlusion decreased the number of completed elbow flexion-extension
repetitions by ~20%, suggesting muscle fatigue was potentiated in the upper limb during
occluded resistance exercise at 50% of 1RM. The major finding of the current study was that
despite a significant reduction in total completed work, no significant differences were
observed in surface or intramuscular electromyographic recordings.
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Figure 8.1 Completed repetitions. Data represents the number of repetitions completed prior
to task failure in occlusive and non-occlusive exercise conditions. Data represent means ±
standard deviation. § significant difference between conditions.
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Figure 8.2 Change in root mean square activity (%). Data represents the change in root mean
square activity from first to last repetitions recorded surface and fine wire electrodes at the
biceps brachii in occluded and non-occluded conditions. Data represent means ± SEM. †
significant difference from first repetition within conditions.
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A progressive increase in root mean square amplitude is representative of increased motor
unit recruitment during the development of muscle fatigue (Moritani et al., 1986). This
response was observed during both occlusive and non-occlusive conditions in the current
study. Previous reports have observed greater muscle activity when occlusion was applied
during relatively light resistance exercise (Moritani et al., 1992; Takarada et al., 2000a;
Takarada et al., 2000b). However, in the current study no difference in muscle activity was
observed between first, last and equivalent last occluded and non-occluded repetitions. The
relative increase in muscle activity during occluded exercise was therefore either subtle as
repetitions progressed, or displayed a relatively greater rate of change in the early stages
activity.

Previous investigations have shown that muscle activity is increased during occluded
resistance exercise (Moritani et al., 1992; Takarada et al., 2000b). Significant differences are
however observed in the methods of these previous studies and those of the current
investigation. Takarada and others investigated the effects of resisted elbow flexion at 40% of
1RM on integrated electromyographic activity, and analysed concentric and eccentric phases
of contraction. In contrast, Moritani and others investigated motor unit properties in the
presence of 200mmHg occlusion during static hand dynamometer contractions at 20% MVC,
and postulate a reduction of motor unit recruitment thresholds. Any potential change in motor
unit recruitment thresholds is however likely to be less evident in the current study as
recruitment thresholds are already lowered as a consequence of dynamic activity (Tax et al.,
1989).

The reliability of surface and intramuscular electrodes during dynamic contractions has been
confirmed when testing occurs on the same day and electrodes are not removed or reinserted
(Giroux & Lamontagne, 1990; Larsson et al., 1999). However, surface electromyographic
recordings may be affected during dynamic contractions by differences in the velocity of
muscle lengthening and shortening, and changes in fibre and muscle length relative to the
position of the electrode (Farina, 2006; Farina et al., 2004; Larsson et al., 1999; Potvin,
1997). The intramuscular electrode is however moves concurrently with the muscle fibre. In
the current study, all testing took place on the same day without removal of the intramuscular
electrode. We are therefore confident that the intramuscular electrode provided an accurate
representation of motor unit activity. Furthermore, our results demonstrate a similar
directional change in root mean square recorded from surface and intramuscular electrodes,
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suggesting that the surface electrode also provided an accurate reflection of muscle activity in
the current study. As such, we suggest no additional benefit of occlusion on motor unit
activity when external loading equates 50% of 1RM.
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SUBJECT SCREENING QUESTIONNAIRE:
Exercise Physiology Research Laboratory
School of health sciences, University of Wollongong
Please answer the following questions as frankly and accurately as possible.
This questionnaire is designed to protect the health of both the subject and experimenter.
ALL INFORMATION OBTAINED IN THIS STUDY WILL BE KEPT CONFIDENTIAL.
NAME________________________________
RESEARCH ID CODE: (leave blank) ________________ DATE: _____________________
ADDRESS: _____________________________________________________________________
______________________________________________________ Post Code ________
TELEPHONE: Home: _______________________ Work: _____________________
DATE OF BIRTH: ________________ (mm/dd/yr) AGE: _________ years
SECTION A: OCCUPATIONAL HISTORY:
(1) Your current occupation or job: __________________________________________________
(2) Specify total period at this occupation: ______ years.
(3) As part of your present or past occupation, have you ever worked in or been exposed for long periods to: ( )
dusty jobs ( ) smoky jobs ( ) gas fumes ( ) chemical fumes
SECTION B: MEDICAL HISTORY:
(1) Your family or personal doctor's details:
Name: __________________________________ Telephone Number: ___________________
Address: ________________________________________________________________________
________________________________________________________________________________
(2) Do you have, or have you had any of these illnesses?
(a) Heart problems: ( ) yes
( ) no
If yes, please indicate the doctor’s diagnosis: __________________________________________
First incident at age ______ years. Last incident on: ______________ (mm/dd/yr).
(b) Respiratory (lung) problem:
If yes, please indicate the doctor’s diagnosis: __________________________________________
First incident at age ______ years. Last incident on: ______________ (mm/dd/yr).
(3) Do you have, or have you had any of these other major illnesses or health problems? For example, high
blood pressure, diabetes, muscle, bone, joint, neural disorders or major operations. If no, skip to next question.
(a) If yes, please indicate the doctor's diagnosis: _______________________________________
First incident at age ______ years. Last incident on: ______________ (mm/dd/yr).
(b) If yes, please indicate the doctor's diagnosis: _______________________________________
First incident at age ______ years. Last incident on: ______________ (mm/dd/yr).
(c) If yes, please indicate the doctor's diagnosis: _______________________________________
First incident at age ______ years. Last incident on: ______________ (mm/dd/yr).
(d) If yes, please indicate the doctor's diagnosis: _______________________________________
First incident at age ______ years. Last incident on: ______________ (mm/dd/yr).
(4) Do you have any medical conditions which you feel the current researchers should be made aware of?
( ) no
( ) yes: please give details: _________________________________________
(5) Are you currently taking any medication prescribed by a doctor?
( ) no
( ) yes: please give details: _________________________________________
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(6) Has a doctor ever said you have a heart condition and recommended only medically supervised physical
activity?
( ) yes
( ) no
(7) Do you have chest pain brought on by physical activity?
( ) yes
( ) no
(8) Have you developed chest pain within the past month?
( ) yes
( ) no
(9) Do you have a tendency to lose consciousness or fall over as a result of dizziness?
( ) yes
( ) no
(10) Has a doctor ever recommended medication for blood pressure or heart condition?
( ) yes
( ) no
(11) Do you have a bone or joint problem that could be aggravated by physical activity?
( ) yes
( ) no
(12) Are you aware, through your own experience, or through a doctor's advice, of any other physical reason
against your exercising without medical supervision?
( ) yes
( ) no
(13) Have you ever experienced chest pain during exercise?
( ) yes
( ) no
(14) Do you have to walk slower than most people of your age, on level ground, because of breathlessness?
( ) yes
( ) no
(15) Do you ever have to stop for a rest, or to catch your breath, when:
( ) walking at your own pace on level ground
( ) walking about 100 metres on level
( ) walking up a slight hill
( ) dressing & undressing ( ) gardening
( ) other activities: please specify: _____________________________________________
(16) Does your chest ever sound wheezy or whistling, either at rest or during exercise?
( ) yes
( ) no
If yes, for how many years has it been present?
______ years.
SECTION C: SMOKING HISTORY:
(1) Have you ever smoked cigarettes?
( ) yes
( ) no: go to Section D.
`NO' means less than 20 packs in a lifetime or less than 1 cigarette a day for 1 year.
(2) If yes, do you now smoke cigarettes (as of 1 month ago)?
( ) yes
( ) no.
(3) If yes, how old were you when you first started regular smoking?

__ years.

(4) If yes, how many cigarettes do you smoke per day now? ______ cigarettes per day.
(5) If you stopped smoking completely, how old were you when you stopped? ___ years.
SECTION D: PHYSICAL ACTIVITY HISTORY:
(1) Do you consider yourself to be sedentary?
You exercise once or less per week for the last 10 years or for more than 2 years continuously since
turning 20 years.
( ) yes
( ) no
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(2) Do you considered yourself to be habitually active?
You are currently active, you have a long history of regular physical activity since turning 20 years, or
for more than 10 years, and you exercise more than 3 times per week at an intensity greater than 50% of
your maximal capacity.
( ) yes
( ) no
(3) Does your employment involve physical work?
( ) yes
( ) no
If yes, on an average day, how hard would describe this work?
( ) light ( ) moderately heavy
( ) hard ( ) very hard
(4) On average, and when considered over the last month, how frequently are you engaged in recreational or
sporting physical exercise (such as: running, walking, swimming, cycling, playing active sports or games,
dancing, etc.)?
( ) less than once per week
( ) once per week
( ) 2-3 times per week
( ) 4-6 times per week ( ) at least once per day
(5) On average, and when considered over the last month, how long would you spend (in a single session)
engaged in these recreational or sporting physical exercise?
( ) less than 15 minutes at a time
( ) 15-20 minutes at a time
( ) 20-30 minutes at a time
( ) 30-40 minutes at a time
( ) 40-50 minutes at a time
( ) 50-60 minutes at a time
( ) more than 60 minutes at a time
(6) On average, and when considered over the last month, how frequently do you deliberately engage in
endurance exercise at an intensity which you consider to be vigorous (60-70% or more of your maximal
capacity) for more than 30 minutes at a time?
( ) never
( ) rarely
( ) less than once per week
( ) once per week
( ) about 3 times per week
( ) more than 4 times per week
(7) On average, considered over the last month, how frequently do you engage in physical activity which is
unrelated to your regular job or your recreational or sporting pursuits (such as: gardening, home maintenance,
scrubbing floors, shopping, etc.)?
( ) less than once per week
( ) once per week
( ) 2-3 times per week
( ) 4-6 times per week ( ) at least once per day
(8) On average, and when considered over the last month, how long would you spend (in a single session)
engaged in physical activity which is unrelated to either your regular job or your recreational or sporting
pursuits?
( ) less than 15 minutes at a time ( ) 15-20 minutes at a time
( ) 20-30 minutes at a time
( ) 30-40 minutes at a time
( ) 40-50 minutes at a time
( ) 50-60 minutes at a time
( ) more than 60 minutes at a time
(9) Have you changed your physical activity patterns in the last 5 years?
At work:
( ) no
( ) increased
( ) decreased
Sport and recreation: ( ) no
( ) increased
( ) decreased
Other physical activity: ( ) no
( ) increased
( ) decreased
(10) If you answered `YES' to any of the parts in the above question, then prior to these changes, did you
consider yourself to be:
Sedentary:
( ) yes
( ) no
Habitually active: ( ) yes
( ) no
Declaration:
To the best of my knowledge, my answers to the above questions are true.
Name: _____________________________
Signature: __________________________
Date: ________________

Witness: _________________________
Signature: _______________________
Date: ________________
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INFORMED CONSENT
MUSCLE ACTIVATION: THE EFFECT OF MOVEMENT SPEED AND REDUCED BLOOD FLOW
DURING A BICEP CURL UNDER CONDITIONS OF HEAVY LOADING

Dear Participant,
You are invited to attend an investigation into the neural responses of muscle as a result of resistance training.
Experimental procedures will take place on two separate occasions each one week apart. During the experiment
you will be asked to perform a bicep curl performed on a resistance chair designed to isolate bicep brachii
activity at an optimal angle for power development. During the testing procedure you will be strapped into the
chair in an attempt to minimise the involvement of synergist muscles and asked to contract under two different
loading conditions 90% of 1RM and 50% of 1RM and during three different movement speed conditions: i)
normal movement speed, ii) faster attempted movement speed and iii) normal movement speed during local
muscle occlusion.
Testing will involve both surface EMG and indwelling electrode analysis. Surface EMG involves a number of
skin preparation methods, first of all the skin is abraded using fine emery paper to remove dead skin cells from
the surface, this process should not cause any discomfort. Next the skin will be cleaned with alcohol before
surface electrodes are attached to the skins surface.
A single indwelling electrode will then be inserted into the belly of the biceps brachii. This process is achieved
by threading the fine wire electrodes into a hypodermic needle which is then inserted swiftly and sharply into
the muscle, the sensation previously reported with such a procedure is similar to that associated when having an
injection. The needle is then gently rotated, removed and disposed of, leaving the 2 fine wire electrodes attached
to a small area of muscle fibre. You will then be advised to make a strong contraction to stabilise the wire and
checked for comfort. The inserted wires should not cause any pain, if you do feel pain, you are advised to report
this to the experimenter and the wire will be removed at your request. The wires of both the indwelling and
surface electrodes are then taped to the skin to prevent any unwanted movement and analysis can begin.
If you feel unwell, distressed or experience intolerable pain at any point during exercise testing you are advised
to inform the experimenter and are free to withdraw from testing any time.
Removal of the fine wire electrode following testing is described as relatively pain free and is achieved with
gentle traction, the event of sticking can be avoided with successful preparation and long ‘hooks’ bent into the
wire and precautions will be made during preparation to standardise hook length. In the event of sticking, the
following procedures will be employed, i) the body position should be checked to ensure it is identical to
placement, ii) sustained tension applied to the area, iii) pressure applied to the muscle using gauze iv) muscle
massage v) increased tension.
The purpose of the proposed experiment is to assess electronic activity in muscle and the differences that exist
as a result of attempted maximal contraction velocities as opposed to slower controlled contraction velocities.
The information obtained in the current investigation will be used to design a resistance training program
promoting optimal activation of the neural system.
The information gained from the current experiment will be treated as confidential and no detail to reveal
subject identity will be stored or recorded.
I have read this form, I understand the experimental procedures and have been given the opportunity to ask any
questions relating to experimental testing. I am aware of the risks and discomforts associated with the
experiment and I hereby voluntarily consent to participate in the exercise test.
Date ………………………

Signature……………………………………….(Participant)

Date……………………….

Signature……………………………………….(Witness)
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SUBJECT INFORMATION PACKAGE
MUSCLE ACTIVATION: THE EFFECT OF MOVEMENT SPEED AND REDUCED BLOOD FLOW
DURING A BICEP CURL UNDER CONDITIONS OF HEAVY LOADING
ITEM 1: PROJECT OBJECTIVES AND RATIONALE
The way a muscle shortens is dependent on the load the muscle is required to lift and the fatigued status of
muscle, affected by the amount of metabolites (waste) sitting in the muscle at the time of the muscle shortening.
This investigation aims to study the electrical activity of muscle in conditions of i) reduced work (repetitions)
and increased velocity of muscle shortening, ii) ‘normal’ and iii) ‘advanced muscle fatigue’ caused by pressure
cuff occlusion. Each exercise conditions will involve muscular contractions against the same relative load. In
conducting this investigation we hope to improve our understanding of the way the brain makes muscle shorten
and its importance in improving muscle strength. Furthermore this investigation will explore, the role raised
levels of muscle metabolites (common during exercise) and attempts to increase the speed of muscle contraction
modifies the way the brain makes the muscle shorten and the subsequent strength adaptations.
This project also serves as part of Mr John Sampson’s Phd course requirements for the University of
Wollongong and as an undergraduate research topic at the University of Wollongong.
ITEM 2: TEST PROCEDURES
Session 1 (30mins): will be a familiarisation in the exercise physiology laboratory at the University of
Wollongong. You will be shown all the assessments and protocols to be used in the study and be given the
opportunity to experience each of the four experimental protocols, contracting against a relatively light load.
This session is also an opportunity to ask questions regarding the investigation and the methods used. After
completion of the familiarisation session you will be given a Written Informed Consent form to take home for
your consideration. Should you wish to participate in the investigation, the form should be returned to the
investigator with your signed consent. You will then be asked to fill out a Physical Activity Readiness
Questionnaire.
Bicep curl activity: In each session below you will be asked to perform a simple bicep curl activity. You will be
required to lie flat on a custom built bench, supporting your arm, strapped at the shoulders and across the chest
to minimise movement of your upper body. In this position you will be asked to perform a simple bicep curl
movement from a neutral arm position.
Session 2 (2.5 hours / session): Dynamic and Isometric strength assessments. No EMG measures will be taken
in this session. You will be asked attempt the bicep curl activity and continue repetitions to muscular fatigue. In
this session, you may contract against a load below, equal to, or above your 6 repetition maximum (6RM). A
6RM is a load which can only be lifted 6 times before muscular exhaustion. Prior to each set of contractions we
will record your isometric muscle strength. This test involves you contracting statically with maximal effort for
5 seconds. You will then be given 5 minutes rest before your 6RM attempt. Each exercise set will be separated
by 30 minutes rest to ensure full muscular recovery.
Session 3 (1.5 hours): 6RM Confirmation. No EMG measures will be taken in this session In this session you
will be asked to attend the lab and perform a single set of the bicep curl activity against your pre-determined
6RM load to volitional exhaustion.
Session 4 (4 hours): In this session you will be randomly exposed to four different conditions. Each of the
conditions will be randomly allocated, meaning that each subject will perform each condition in a different
order. In each condition you will be asked to perform the same bicep curl activity until you feel fatigued or
unable perform the full movement. Therefore you will be performing one single set of bicep curls in each of the
four test conditions, totalling four sets of exercise. Each condition will vary based on either a change in i) load,
ii) movement speed or iii) limiting blood flow from the arm via pressure occlusion. This reduces the chance of
changes in performance of the movement occurring due to learning or improvements in strength. In order to
measure the electrical activity of your muscle during each condition EMG recordings will be taken, two
electrodes will be attached to the surface of the skin. A single intramuscular probe inserted into the muscle at the
biceps (front upper arm) and a single intramuscular probe into the brachioradialis (upper forearm). This is
explained further in the equipment section.
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Prior to participation in the current study you will be asked to refrain from caffeine and alcohol consumption 12
hours before activity and from excessive or vigorous upper body muscular activity 48 hours prior to testing.
Conditions
Exercise Condition 1: - explosive concentric
phase/set cadence eccentric phase - elbow
flexion maximal velocity - elbow extension 2.0
seconds.
Exercise Condition 3: - set cadence
concentric/eccentric phase - elbow flexion 2.0
seconds - elbow extension 2.0 seconds.

Exercise
Condition
2:
explosive
concentric/eccentric phase - elbow flexion maximal
velocity - elbow extension maximal velocity.
Exercise
Condition
4:
set
cadence
concentric/eccentric phase with limb occlusion
reducing total work by a minimum of 25% of
condition 3 - elbow flexion 2.0 seconds - elbow
extension 2.0 seconds.

ITEM 3: TOTAL TIME COMITTMENT
We estimate the total time commitment for participation in this investigation will be approximately 8.5 hours
over 4 exercise sessions, spread over 2-3 weeks.
ITEM 4: EQUIPMENT TO BE USE IN THE INVESTIGATION
Measurement of electrical activity of the muscle: Two pieces of equipment will be attached to the bicep
muscle in your upper arm. This equipment is very sensitive and is able to measure the electrical activity of your
muscle. This equipment is called an EMG (electromyogram). Two types of electrodes will be attached to the
muscles of your upper arm to allow collection of the electrical activity. On the surface of your biceps (front of
upper arm), triceps muscle (rear of upper arm), anterior deltoid (Arm top / front shoulder) and upper trapezius
(central location, midway between shoulder and neck) a small gel covered pad will be adhered via adhesive
tape. This type of electrode will allow surface EMG to be collected. A second electrode type (two fine-wires)
allowing very precise measurement of electrical activity within the muscle will be inserted into your biceps
muscle and brachioradialis (central forearm, just below elbow joint) by use of a hypodermic needle. This type of
electrode allows intramuscular EMG to be recorded.
Surface EMG preparation:
To ensure clear recording of muscle electrical activity, the muscle skin surface will be prepared. During this
process the skin of the bicep muscle will be shaved and lightly abraded to remove dead skin cell and body oils.
The abraded site is then cleaned with an alcohol wipe and the two gel backed electrodes will be adhered to the
surface of the skin.
Intramuscular EMG preparation:
During this process the skin of the bicep muscle will be shaved and lightly abraded to remove dead skin cell and
body oils. The abraded site will be cleaned with an alcohol wipe. Insertion of the intramuscular probe into the
muscle will be performed by Mr McAndrew an investigative researcher who has been trained in this technique.
To insert the fine-wire into the muscle, a hypodermic needle (slightly smaller than a needle commonly used for
injections) containing the two wires will be inserted into each muscle (Biceps and Brachioradialis). The needle
is then gently rotated, removed and disposed of, leaving the two fine-wire electrodes attached to a small area
within the muscle. You will then be asked to contract the muscle to stabilise the wires and ensure comfort prior
to commencement of the testing session. The wires will be taped to the skin ensuring adequate ‘slack’, avoiding
tension on the electrodes within the muscle belly and preventing unwanted movement. The placement of
electrodes will then be marked with indwelling ink to allow for accurate placement throughout investigation.
Removal of the fine-wire electrode following each testing session will be achieved via gentle traction of the
electrode wires and is normally painless due to the pliable characteristics of the wire (Basmajian & De luca,
1985). Resistance or ‘sticking’ of the wire on removal is unlikely, but can occur. If ‘sticking’ does occur the
following procedures will be adopted: i) the body position will checked to ensure appropriate angle of traction,
ii) sustained tension applied to the area, iii) gentle pressure applied to the muscle using gauze, or iv) muscle
massage or increased traction during the removal of the electrodes (Hodges 2004). On removal the fine-wire
electrode will be disposed of in a sharps container. Pressure will be applied to the penetration site and a small
sterile band-aid will be placed on the puncture site.
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Limiting blood flow from the muscle: A small cuff will be placed around the upper arm,and inflated to a firm
pressure approximately 120 mmHg. This technique is called pressure occlusion. The pressure however should
not cause any discomfort. The cuff will allow blood flow from the heart to the muscle, but occlude or prevent
blood returning from the exercise limb, thus resulting in premature fatigue. The cuff will be inflated just prior to
commencement of the exercise and deflated at the completion of the exercise bout.
ITEM 4: HAZARDS AND DISCOMFORTS
As with any research procedures, there are a range of potential risks or discomforts of which you must be made
aware of. We attempt to minimise these risks or discomforts by carefully monitoring your physiological
responses, adopting a cautious approach and ensuring at all stages that you are comfortable with participation in
the investigation.
(i) Electrode skin preparation: Prior to electrode placement, the skin is prepared by light abrasion and alcohol
cleansing as outlined above. This procedure may cause slight discomfort commonly described as a ‘stinging’
sensation after cleansing of abraded skin with alcohol.
(ii) Intramuscular electrode insertion & removal:
Pain
Two intramuscular electrodes will be inserted into the muscle belly. Penetration of the skin into the muscle belly
will cause a similar level of discomfort as a needle injection. The inserted wires normally do not cause any pain
or discomfort in the majority of subjects. However some subjects have reported slight discomfort from the
procedure described as for example, a feeling that something had been left in the muscle, a slight pain,
throbbing, stiffness, a ”hot” feeling or periodic cramp (Jonsson et al, 1968). If you do feel discomfort or pain,
advise the experimenter and the electrode will be removed. A 2nd attempt to insert the fine wire electrodes will
only occur with your prior consent.
Wire retraction
There slight risk that a muscle contraction will result in the crimping of the fine-wire and retraction of the wire
entirely within the muscle. This is extremely rare and can be easily avoided by ensuring the wire is of sufficient
length to conduct the investigation. Each electrode will be prepared with a wire length 100% greater than that
required, minimising the likelihood of retraction below the skins surface.
Fine-wire breakage
There is a slight risk of fine-wire electrode breakage within the muscle, however this risk is extremely low due
to the pliable nature of the wire.
Bleeding
This procedure does carry a risk of slight bleeding, similar to that of a needle injection at the insertion point.
However upon removal of the fine-wire electrode, pressure will be placed on the area and to minimise bleeding
prior to adhere a band-aid to the puncture site.
Infection
To prevent contamination or infection, the needle and wires will be sterilised and the experimenter will be
wearing gloves. Wires, gloves and needles are single use and will be disposed of. Furthermore, all fine-wire
electrodes and hypodermic needles will be double bagged and sterilised to minimise risk of infection. The
attendant pain is described as the usual pain associated with a needle puncture (Basmajian & De luca, 1985).
(ii) Pressure occlusion: During one trial you will be required to exercise whilst wearing a pressure cuff inflated
to 120mmHg, this is a moderate occlusion pressure, lower than that experienced when having a blood pressure
assessment and is unlikely to cause significant discomfort. The purpose of the muscle occlusion is to promote
the onset of muscle fatigue, therefore you may experience the onset of fatigue at an earlier point than in trials
without occlusion. This is a normal response.
(iv) Muscle fatigue during testing: During exercise testing you will be asked to perform as many repetitions as
possible throughout a full range of motion. This is likely to result in muscle fatigue described sometimes as a
‘burning’ sensation normally associated with the build-up of metabolites in the muscle. Immediately following
exercise, your exercising arm may feel tired, but this will dissipate rapidly due to the short term nature of the
exercise bout.

303

(v) Muscle soreness: It is likely that you will feel mild muscle soreness peaking approximately two days after
each exercise session. This delayed soreness is common, and is in fact a positive physical response as it signals
muscle growth. However in the unlikely event muscle soreness persists or elevates please inform the
investigator, to ensure that you have adequate rest between each trial.
ITEM 5: INQUIRIES
Questions concerning the procedures, or rationale used in this investigation are welcome at any time. Please ask
for clarification of any point which you feel is not explained to your satisfaction. Your initial contact person is
the investigator conducting this project Mr John Sampson, phone: (02) 42 214081 (working hours) Mr Herb
Groeller, phone: (02) 42 213461 (working hours) or Dr Nigel Taylor (02) 42 214094 (Working hours)
Contact addresses:
Mr John Sampson
Mr Herb Groeller
Dr Nigel Taylor
School of Health Sciences School of Health Sciences
School of Health Sciences
University of Wollongong
University of Wollongong
University of Wollongong
Northfields Avenue,
Northfields Avenue,
Northfields Avenue,
Wollongong 2522
Wollongong 2522
Wollongong 2522
Ph (02) 42 214081
Ph (02) 42 213461
Ph (02) 42 214094

ITEM 6: FREEDOM OF CONSENT
Participation in this project is entirely voluntary. You are free to deny consent before, during or after the
experiment. In the latter case, such withdrawal of consent will be performed at the time you specify, and not at
the end of a particular trial. Your participation or withdrawal of consent will not influence your present, or
future, involvement with the University of Wollongong. In the case of student involvement, participation or
withdrawal of consent will not influence grades awarded by the University. You have the right to withdraw from
any experiment, at any time and this right shall be preserved over and above the goals of the experiment. You
may also be withdrawn from the study by the researchers if further participation would be unhealthy for you.
ITEM 7: CONFIDENTIALITY
All questions, answers and results associated with this study will be treated with absolute confidentially. All
experimental date will be stored in locked cabinets for a minimum of five years and you will never be identified
within reports or manuscripts using either your names or initials.
Essential information: If you have any concerns or complaints regarding the way in which the research is, or has
been conducted, you are advised to contact the Secretary of the University of Wollongong Human Research
Ethics Committee on (02) 4221 4457
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APPENDIX D:
INFORMED CONSENT, SUBJECT
INFORMATION AND ETHICS APPROVAL
(CHAPTERS THREE, FOUR AND FIVE)

306

UNIVERSITY OF WOLLONGONG
CONSENT FORM
IMPORTANCE OF CONTRACTION SPEED AND FATIGUE ON MUSCULAR ADAPTATION
THROUGHOUT HEAVY STRENGTH TRAINING PROGRAMS
John Sampson / Herb Groeller
I have been given information about this research investigating muscle activation properties, the importance of
fatigue and attempts to increase contraction speeds during a bicep curl. I have discussed the research project
with Mr John Sampson and understand that I am assisting with testing of a larger Phd programme supervised by
Mr Herb Groeller in the department of Biomedical Science at the University of Wollongong.
I understand that, if I consent to participate in this project I will be asked to:
•
•
•
•
•
•
•
•
•
•
•
•
•

Participate in a familiarisation session to ensure I have full understanding of the test protocol and its
procedures. (Approximately 20 mins).
Participate in an initial test session to determine my dynamic strength by 1 repetition maximum (1RM),
where I may be asked to lift a load both lighter and heavier than this and continue until volitional
exhaustion. (Approximately 2 hours).
Participate in maximal voluntary contractions (MVC) to determine my static strength. I am aware that
each MVC will last 5 seconds at and I will be asked to contract in a range of different muscle lengths. I
will be asked to contract ‘as hard and fast as possible to achieve maximal force’
Participate in a 4 week training period to become accustomed to exercise in the current study.
(Approximately 15mins /session)
Be prepared for further dynamic and static strength measures at the end of this four week period, every
4 weeks during testing and at the end of experimental testing. (Approximately 2 hours/session).
Be prepared for ultrasound assessments at the beginning and end of the 4 week inline control period
and on completion of experimental testing, totalling 3 ultrasound assessments, (Approximately 20 mins
/session).
Be prepared for Mechanomyography (MMG) assessments, evoking a muscle twitch and measuring the
lateral displacement of muscle via a non-intrusive laser.
Participate in three weekly training sessions for a total of 12 weeks. I will be asked to complete 4 sets
of exercise in one of the three conditions specified in the subject information package. (Approximately
15 mins/session)
Participate in assessments of muscle strength bi-weekly by performing 1 set of repetitions to volitional
exhaustion regardless of training condition group.
Be prepared for both surface electrode placement and intramuscular electrode insertion when
performing static and dynamic strength tests every 4 weeks.
Agree to the total time commitment of approximately 30 hours. Over a period of 22 weeks
Refrain from excessive or vigorous upper body muscular activity 48 hours prior to each test session.
Refrain from alcohol and caffeine consumption in the immediate 12 hours prior to each test session.

I have been advised of the potential risks and burdens associated with this research, which include; Electrode
skin preparation, pain, wire retraction, wire breakage, bleeding, infection and muscular discomfort as a result of
intramuscular electrode insertion and removal, muscle fatigue and muscle soreness and have had an opportunity
to ask the research team including both Mr John Sampson and Mr Herb Groeller any questions I may have about
the research and my participation. I am also aware of the screening procedures associated with MRI.
I understand that my participation in this research is voluntary, I am free to refuse to participate and I am free to
withdraw from the research at any time. My refusal to participate or withdrawal of consent will not affect my
treatment or relationship with the School of Health Science, University of Wollongong.
If I have any enquiries about the research, I can contact Mr John Sampson on (02) 42 214081 and Mr Herb
Groeller on (02) 42 213461, or if I have any concerns or complaints regarding the way the research is or has
been conducted, I can contact the Complaints Officer, Human Research Ethics Committee, Research Services
Office, University of Wollongong on 4221 4457.
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By signing below I am indicating my consent to participate in the research entitled “Importance of contraction
speed and fatigue on muscular adaptation during heavy strength training programs”, conducted by Mr John
Sampson as it has been described to me in the information sheet and in discussion with, Mr John Sampson and
Mr Herb Groeller. I understand that the data collected from my participation will be used for pilot testing of a
Phd programme and that the data collected from my participation will be used for thesis completion, journal
publications and scientific presentations. Data collected will also be used in an undergraduate research topic,
including poster presentation and I consent for it to be used in that manner.
Signed

Date

.......................................................................
Name (please print)
.......................................................................

......./....../......
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SUBJECT INFORMATION PACKAGE
IMPORTANCE OF CONTRACTION SPEED AND FATIGUE ON MUSCULAR ADAPTATION
THROUGHOUT HEAVY STRENGTH TRAINING PROGRAMS
ITEM 1: PROJECT OBJECTIVES AND RATIONALE
The way a muscle shortens is dependent on the load the muscle is required to lift and the level of fatigue in the
muscle. This investigation aims to study the electrical activity of muscle and strength adaptation during and after
exercise training in conditions of reduced work (repetitions) and increased velocity of muscle shortening, and
‘normal’ contractions performed to volitional exhaustion. Each exercise condition will involve muscular
contractions against the same relative load of 85% of your one repetition maximum (1RM). This load should
allow the performance of 6-8 repetitions (6-8RM). In conducting this investigation we hope to explore how
attempts to increase the speed of muscle contraction modifies the way the brain makes the muscle shorten and
the subsequent strength adaptations. Strength gains will be monitored over the course of a 22 week training
study. The results of this study will develop our understanding of the importance of fatigue and the way the
brain makes muscle shorten in helping to improve muscle strength.
This project also serves as part of Mr John Sampson’s Phd course requirements for the University of
Wollongong and as an undergraduate research topic at the University of Wollongong.
ITEM 2: TEST PROCEDURES
Familiarisation: A familiarisation session and repetition maximum test will be conducted at the exercise
physiology laboratory at the University of Wollongong. You will be shown all the assessments and protocols to
be used in the study and given the opportunity to experience the experimental activity in each of the three
specified experimental conditions using a relatively light load. This session is also an opportunity to ask
questions regarding the investigation and the methods used. After completion of the familiarisation session you
will be given a Written Informed Consent form to take home for your consideration. Should you wish to
participate in the investigation, the form should be returned to the investigator with your signed consent. You
will then be asked to fill out a Physical Activity Readiness Questionnaire. The familiarisation session will take
approximately 20 minutes of your time.
What is it that you are being asked to do?: You will be required to lie flat on a custom built bench, supporting
your arm, strapped at the shoulders and across the chest to minimise movement of your upper body. In this
position you will be asked to perform a simple bicep curl movement from a resting arm position against a
resistance. The resistance will be heavy enough to cause fatigue after approximately 6-8 bicep curls.
In some sessions we will be taking measurements. Your muscular strength using both dynamic and a static
strength tests and the electrical activity of your muscle assessed using surface and intramuscular EMG
techniques during exercise once every four weeks. Intramuscular EMG techniques will involve the insertion of
fine wire into the muscle. This procedure is detailed below (equipment to be used in the investigation). In this
investigation we will also measure muscular properties non-invasively by Mechanomyography (procedures
highlighted below). We will also assess the time course of structural changes in muscle by ultrasound. These
measures will take place at the beginning and end of the 4 week inline control period and again at the end of
experimental training, totalling 3 ultrasound measures. Ultrasound measures will be assessed onsite at the
University of Wollongong.
In this investigation we will be looking closely at the way humans increase muscle strength with resistance
training. Therefore in this investigation you will be asked to participate in a bicep curl resistance training
programme, exercising three times per week for a total of 22 weeks.
Training Phases
This investigation requires you to participate in 22 weeks of bicep curl resistance training exercise. This training
is conducted in two distinct phases.
Phase One: In-line Control (4 weeks): In this period you will be asked to come to the laboratory and perform
four sets of a bicep curl activity in the experimental set up three times weekly. This time-period allows you to
become familiar with strength training exercises utilised in the current investigation. During this initial training
phase you will be exposed to a progressively increasing load from 50-70% of your 1 repetition maximum. The
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exercise you will be asked to perform is a bicep curl and all experimental procedures will be highlighted in the
familiarisation session. At the beginning and end of this four week period we will measure surface and fine wire
EMG, isometric and dynamic strength and muscle cross sectional area using ultrasound. All procedures are
highlighted within this document and will be further demonstrated in the familiarisation session. It is expected
that each training session will take approximately 15 minutes sessions in which measures are taken will require
approximately 2 hours of your time.
Phase Two: Training Period (12 weeks): In these sessions you will be required to train three times weekly,
every second week one of these training sessions will also assess dynamic and isometric strength. In each of the
sessions you will perform bicep curl activity completing four sets of exercise at 85% of your pre-determined 1
repetition maximum (correlating to 6 repetition maximum). Each exercise set will be separated by a 3 minute
rest period. Additionally, you will be required to perform the bicep curl exercise in this manner under one of
three specific conditions. Each condition will vary based on the level of fatigue induced by reduced workload
(repetitions) and by muscle activation by either controlled or maximal speed of muscle contraction. Dynamic
strength assessments will be further assessed every 2 weeks, this session will involve performance of 1 set of
repetitions to failure regardless of training group and will allow for adjustment of training load. Dynamic 1RM
strength and muscle activation properties using surface and fine wire electrodes will take place every 4 weeks,
and MMG and Ultrasound at the beginning and end of the inline control period and again at the end of testing.
Exercise conditions
•
•
•

Exercise Condition 1: - Bicep curl: Very quick muscle shortening phase and normal muscle
lengthening phase (2 seconds). Exercise continued until four repetitions are completed at a 6RM load
(25% work reduction)
Exercise Condition 2:- - Bicep curl: Very quick muscle shortening phase and very quick muscle
lengthening phase. Exercise continued until four repetitions are completed at a 6RM load (25% work
reduction)
Exercise Condition 3: - Bicep curl: normal muscle shortening phase (2 seconds) and normal muscle
lengthening phase (2 seconds). Exercise completed until muscle fatigue.

1RM assessments of muscle strength will take place prior to and on completion of the 4 week inline control
period, once every 4 weeks and on completion of experimental training. One set of contractions performed to
volitional exhaustion regardless of training group will assess muscle strength and allow for adjustment of load
bi-weekly. Measurement of muscle activation properties via surface and intramuscular electrodes, MMG, static
(MVC) and dynamic (1RM) strength will occur prior to the commencement of the training phase, every four
weeks of training and at the completion of a training phase. Measurement of muscle cross sectional area using
ultrasound will occur prior to the commencement of the in-line control training phase, at the completion of the
in-line control training phase and at the completion of the experimental training period.
Training in which no measurements are taken, will require approximately 15 minutes of your time. Where
assessments will be used will require approximately 1.5 hours of your time.
ITEM 3: TOTAL TIME COMITTMENT
We estimate the total time commitment for participation in this investigation will be approximately 45mins-3
hours / week, over 22 weeks. The total time requirement asked of you for participation in the current study from
start to finish is approximately 23.5 hours.
ITEM 4: EQUIPMENT TO BE USE IN THE INVESTIGATION
Measurement of electrical activity of the muscle: Two pieces of equipment will be attached to the bicep
muscle in your upper arm. This equipment is very sensitive and is able to measure the electrical activity of your
muscle. This equipment is called an EMG (electromyogram). Two types of electrodes will be attached to the
muscles of your upper arm to allow collection of the electrical activity. On the surface of your biceps (front of
upper arm), triceps muscle (rear of upper arm), Anterior deltoid (Arm top / front shoulder) and upper trapezius
(central location, midway between shoulder and neck) a small gel covered pad will be adhered via adhesive
tape. This type of electrode will allow surface EMG to be collected. A second electrode type (two fine-wires)
allowing very precise measurement of electrical activity within the muscle will be inserted into your biceps
muscle and by use of a hypodermic needle. This type of electrode allows intramuscular EMG to be recorded.
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Surface EMG preparation:
To ensure clear recording of muscle electrical activity, the muscle skin surface will be prepared. During this
process the skin of the bicep muscle will be shaved and lightly abraded to remove dead skin cell and body oils.
The abraded site is then cleaned with an alcohol wipe and the two gel backed electrodes will be adhered to the
surface of the skin.
Intramuscular EMG preparation:
During this process the skin of the bicep muscle will be shaved and lightly abraded to remove dead skin cell and
body oils. The abraded site will be cleaned with an alcohol wipe. Insertion of the intramuscular probe into the
muscle will be performed by Mr McAndrew or Mr Herb Groeller investigative researchers who have been
trained in this technique. To insert the fine-wire into the muscle, a hypodermic needle (slightly smaller than a
needle commonly used for injections) containing the two wires will be inserted into the muscle. The needle is
then gently rotated, removed and disposed of, leaving the two fine-wire electrodes attached to a small area
within the muscle. You will then be asked to contract the muscle to stabilise the wires and ensure comfort prior
to commencement of the testing session. The wires will be taped to the skin ensuring adequate ‘slack’, avoiding
tension on the electrodes within the muscle belly and preventing unwanted movement. The placement of
electrodes will then be marked with indwelling ink to allow for accurate placement throughout investigation.
Removal of the fine-wire electrode following each testing session will be achieved via gentle traction of the
electrode wires and is normally painless due to the pliable characteristics of the wire (Basmajian & De luca,
1985). Resistance or ‘sticking’ of the wire on removal is unlikely, but can occur. If ‘sticking’ does occur the
following procedures will be adopted: i) the body position will be checked to ensure appropriate angle of
traction, ii) sustained tension applied to the area, iii) gentle pressure applied to the muscle using gauze, or iv)
muscle massage or increased traction during the removal of the electrodes (Hodges 2004). On removal the finewire electrode will be disposed of in a sharps container. Pressure will be applied to the penetration site and a
small sterile band-aid will be placed on the puncture site.
Ultrasound:
At the beginning and end of the 4 week in line control period and every 4 weeks throughout experimental
training, you will be asked to attend the laboratory for assessment by ultrasound. In this session ultrasound scans
will be performed on the dominant arm. This procedure is non-invasive but will expose you to very mild levels
of radiation.
Mechanomyography (MMG):
Mechanomyography (MMG) will be used at the beginning and end of the 16 week experimental training period.
MMG is a non-invasive laser based technique. The primary measure of muscle properties measured by MMG
will be contraction time. An evoked muscle twitch will be delivered to the biceps through a muscle stimulator.
Two Stimulating pads are adhered to the skins surface and an electrical pulse is delivered enforcing a muscle
twitch. Contraction time is determined as the initial onset of muscle displacement subtracted from the time to
reach peak muscle displacement. A simple class 1 laser-gauging sensor accurate to a fraction of a millimetre will
record muscle displacement. MMG offers a non-invasive assessment as the laser sensor of the MMG simply
measures the lateral displacement of the contracting muscle’s belly.
Static and Dynamic Strength
Assessment: In these sessions you will be asked to perform three attempts of the bicep curl activity to muscular
fatigue to accurately assess your 1RM. You may contract against a load, below, equal to, or above your 1
repetition maximum (1RM). A 1RM is a load which can only be lifted once before muscular exhaustion. We
will also record your isometric muscle strength. This test involves you maximally contracting your muscle
without movement for 5 seconds, 7 times through a range of 10º increments from 90º-150º. You will be asked to
repeat this test sequence and finish with a final maxaimal voluntary contraction at peak muscle length. You will
be given 2 minutes rest between angles and 10 minutes between test sequences. You will then be given a further
10 minutes rest before your 1RM attempt. These sessions will take approximately 2 hours of your time. A static
strength test at optimal muscle angle will also occur during week 1 of experimental training. During this test you
will be asked to perform a maximal voluntary static contraction pre and post exercise. During your maximal
effort, an evoked muscle twitch will be delivered using the muscle stimulator. This will allow us to determine
the maximal voluntary contraction capacity of your muscle following exercise training.
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ITEM 4: HAZARDS AND DISCOMFORTS
As with any research procedures, there are a range of potential risks or discomforts of which you must be made
aware of. We attempt to minimise these risks or discomforts by carefully monitoring your physiological
responses, adopting a cautious approach and ensuring at all stages that you are comfortable with participation in
the investigation.
(i) Electrode skin preparation: Prior to electrode placement, the skin is prepared by light abrasion and alcohol
cleansing as outlined above. This procedure may cause slight discomfort commonly described as a ‘stinging’
sensation after cleansing of abraded skin with alcohol.
(ii) Intramuscular electrode insertion & removal:
Pain
Two intramuscular electrodes will be inserted into the muscle belly. Penetration of the skin into the muscle belly
will cause a similar level of discomfort as a needle injection. The inserted wires normally do not cause any pain
or discomfort in the majority of subjects. However some subjects have reported slight discomfort from the
procedure described as for example, a feeling that something had been left in the muscle, a slight pain,
throbbing, stiffness, a ”hot” feeling or periodic cramp (Jonsson et al, 1968). If you do feel discomfort or pain,
advise the experimenter and the electrode will be removed. A 2nd attempt to insert the fine wire electrodes will
only occur with your prior consent.
Wire retraction
There slight risk that a muscle contraction will result in the crimping of the fine-wire and retraction of the wire
entirely within the muscle. This is extremely rare and can be easily avoided by ensuring the wire is of sufficient
length to conduct the investigation. Each electrode will be prepared with a wire length 100% greater than that
required, minimising the likelihood of retraction below the skins surface.
Fine-wire breakage
There is a slight risk of fine-wire electrode breakage within the muscle, however this risk is extremely low due
to the pliable nature of the wire.
Bleeding
This procedure does carry a risk of slight bleeding, similar to that of a needle injection at the insertion point.
However upon removal of the fine-wire electrode, pressure will be placed on the area and to minimise bleeding
prior to adhere a band-aid to the puncture site.
Infection
To prevent contamination or infection, the needle and wires will be sterilised and the experimenter will be
wearing gloves. Wires, gloves and needles are single use and will be disposed of. Furthermore, all fine-wire
electrodes and hypodermic needles will be double bagged and sterilised to minimise risk of infection. The
attendant pain is described as the usual pain associated with a needle puncture (Basmajian & De luca, 1985).
(iii) Evoked Muscle twitch: During MMG testing and in week 1 of experimental exercise training, a muscle
twitch will be evoked through an electrical stimulator. Two stimulating pads are adhered to the surface of the
skin over the biceps brachii. A number of electrical pulses will be delivered, with a graded intensity until peak
force can be determined. The stimulator will then be set 10% higher than that required to evoke a maximal
twitch. This intensity will be used during MMG testing and in MVC testing during week 1 of exercise training.
The stimulator delivers two electrical pulses to the muscle in quick succession, causing a muscle twitch. The
stimulus may cause brief discomfort during delivery.
(iv) Muscle fatigue during testing: During exercise testing you may be asked to perform as many repetitions as
possible throughout a full range of motion. This is likely to result in muscle fatigue described sometimes as a
‘burning’ sensation normally associated with the build-up of metabolites in the muscle. Immediately following
exercise, your exercising arm may feel tired, but this will dissipate rapidly due to the short term nature of the
exercise bout.
(v) Muscle soreness: It is likely that you will feel mild muscle soreness peaking approximately two days after
each exercise session. This delayed soreness is common, and is in fact a positive physical response as it signals
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muscle growth. However in the unlikely event muscle soreness persists or elevates please inform the
investigator, to ensure that you have adequate rest between each trial.
(vi) Participant confidentiality: The experimenter may ask for your permission to take photographs of you
performing exercise within the experimental setup. If you agree these photographs may be used for publication
in academic transcripts, posters and reports to academics and NSW fire Service.
ITEM 5: INQUIRIES
Questions concerning the procedures, or rationale used in this investigation are welcome at any time. Please ask
for clarification of any point which you feel is not explained to your satisfaction. Your initial contact person is
the investigator conducting this project Mr John Sampson, phone: (02) 42 214081 (working hours) Mr Herb
Groeller, phone: (02) 42 213461 (working hours) or Dr Nigel Taylor (02) 42 214094 (Working hours)
Contact addresses:
Mr John Sampson
School of Health Sciences
University of Wollongong
Northfields Avenue,
Wollongong 2522
Ph (02) 42 214081

Mr Herb Groeller
School of Health Sciences
University of Wollongong
Northfields Avenue,
Wollongong 2522
Ph (02) 42 213461

Dr Nigel Taylor
School of Health Sciences
University of Wollongong
Northfields Avenue,
Wollongong 2522
Ph (02) 42 214094

ITEM 6: FREEDOM OF CONSENT
Participation in this project is entirely voluntary. You are free to deny consent before, during or after the
experiment. In the latter case, such withdrawal of consent will be performed at the time you specify, and not at
the end of a particular trial. Your participation or withdrawal of consent will not influence your present, or
future, involvement with the University of Wollongong. In the case of student involvement, participation or
withdrawal of consent will not influence grades awarded by the University. You have the right to withdraw from
any experiment, at any time and this right shall be preserved over and above the goals of the experiment. You
may also be withdrawn from the study by the researchers if further participation would be unhealthy for you.
ITEM 7: CONFIDENTIALITY
All questions, answers and results associated with this study will be treated with absolute confidentially. All
experimental date will be stored in locked cabinets for a minimum of five years and you will never be identified
within reports or manuscripts using either your names or initials.
Essential information: If you have any concerns or complaints regarding the way in which the research is, or has
been conducted, you are advised to contact the Ethics Officer on (02) 4221 4457
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6 No exertion at all
7 Extremely light
8
9 Very light
10
11 Light
12
13 Somewhat hard
14
15 Hard (heavy)
16
17 Very hard
18
19 Extremely hard
20 Maximal exertion

Borg GA (1982). Psychophysical bases of perceived exertion. Medicine and Science in Sports and Exercise 14,
377–381.
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INTRODUCTION
Prior to any experimental investigation, the accuracy of Spike 2 (Ver 5.13, Cambridge
Electronic Design, Cambridge, UK) data outputs from the electromyographic equipment,
load cell and shaft encoder was examined. The output voltage was confirmed by passing a
known voltage through the electromyographic equipment. The voltage output of a known
mass recorded via the load cell was then examined and pulse data delivered from the shaft
encoder to determine movement assessed.

METHODS
Electromyographic voltage
A voltage generator provided a known 2.8 V signal that was reduced via a transducer. The
reduction factor was estimated via an oscilloscope (Digitor Q-1808, DS-203). A known 50 V
signal that was reduced via a transducer was then passed through the electromyographic
analogue to digital convertor (Power 1401, Cambridge Electronic Design, Cambridge, UK),
preamplifier, amplifier and DC pressure amplifier (Neurolog, 844, 820. 108A, Digitimer
Neurolog, Hertfordhire, UK).

The signal generated in Spike 2 (Ver 5.13, Cambridge

Electronic Design, Cambridge, UK) was then examined and compared to the known voltage.

Load cell
Free weights ranging from 1 to 50kg were suspended from the custom made exercise
equipment illustrated in Chapter Two (Figure 2.1). The wrist strap was fixed to a solid
platform, such that the load cell (Applied Measurement, X-TRAN, 51W-1kN, Eastwood,
NSW, Australia), was freely hung in series with the weight stack via a steel cable to record
tension.

The Voltage of the tension developed was measured by the load cell and recorded via Spike 2
(Ver 5.13, Cambridge Electronic Design, Cambridge, UK). Baseline data was assessed via
two cursors set to record the average volts generated within a set time window. The
maximum value was assessed via single cursor set to record the maximum value as each load
was added to the weight stack.
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Shaft encoder
The shaft encoder (E6C2-CWZ6C-1000, Omron, Minato-ku, Tokyo, Japan) used in this
thesis delivered 1000 pulses per revolution. The distance per pulse was calculated by
measuring the diameter with a micrometer to calculate the circumference of the wheel.

The delivery of pulses due to movement of the load cell was also examined in Spike 2. A one
meter tape was positioned in series with the cable instrumented by the shaft encoder. The
cable was moved a set distance ranging from 10-50cm and the number of pulses delivered
was calculated.

RESULTS
Electromyographic voltage
The 2.8 V was observed as ~0.2 volts via the oscilloscope reading providing a conversion
ratio of 14:1. The 50 V signal that was reduced and passed into the electromyographic
equipment was therefore converted at a ratio of 14:1 providing a signal of ~3.57 V. The
voltage recorded in Spike-2 software was 3.7 V.

Load cell
The voltage generated by the load cell and recorded in Spike 2 over a range of 1-50kg is
presented in Table 8.1.

Shaft encoder
The diameter of the shaft encoder was recorded as 21.27mm. The circumference was then
calculated as 66.822mm ×(π diameter). One pulse is therefore generated for every
0.066822mm of movement (66.822 / 1000). The number of pulses delivered during
movement was confirmed within a small degree of experimental error by this calculation
(Table 8.2).

DISCUSSION
The size of the signal delivered was ~0.13 V different to the value recorded in Spike 2. The
oscilloscope reading was however subject to inaccuracy in the decimal recorded, the
difference in voltage recorded may therefore have resulted from errors in the conversion ratio
applied to the signal.
319

Table 8.1 Load cell calibration

Load

Baseline value

Maximum value

Change

Volts per Kg

(kg)

(V)

(V)

(V)

1

0.729

0.842

0.113

0.113

2

0.715

0.915

0.2

0.1

3

0.717

0.970

0.253

0.084

4

0.720

1.02

0.3

0.075

5

0.764

1.105

0.341

0.068

7.5

0.731

1.212

0.481

0.064

10

0.759

1.346

0.587

0.0587

15

0.733

1.647

0.914

0.0609

20

0.723

1.895

1.172

0.0586

25

0.743

2.161

1.418

0.0567

30

0.743

2.441

1.698

0.0566

35

0.745

2.839

2.094

0.0598

40

0.722

2.974

2.252

0.0563

45

0.755

3.219

2.464

0.0548

50

0.729

3.495

2.766

0.0553

Notes The baseline value (V) represents the tension developed on the cable by the hanging
weight stack. The maximum value was recorded as the peak value (V) after each load (kg)
was added to the weight stack.
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Table 8.2 Shaft encoder pulse delivery during movement

Movement (cm)

Number of pulses

Pulses per cm

Circumference
calculation (cm)

10

1468

146.8

9.809

20

2915

145.75

19.478

30

4272

142.4

28.546

40

5863

146.6

37.975

50

7188

143.8

48.32
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However, relatively little variation was observed between the maximum voltage recorded at
5-50kg with variation of only 0.013 across the range. The variance observed was reduced
further as loading increased.

Variation in the Volts per kilogram was observed in the load cell calibration. The variation
was greater at lower weight loads as the maximum voltage recorded between one and four
kilograms displayed a difference of 0.038 volts.

The variation observed was likely a consequence of stretch in the cable, or movement in the
machine that was reduced above loads of 10kg.

Dynamic movement in the cable examined by the shaft encoder indicated that the distance
moved closely resembled the actual distance recorded by the shaft encoder calculated as
pulses per mm as determined from the circumference of the shaft encoder. The differences
observed may have resulted from experimental error as the cable was manually moved a set
distance relative to the tape measure.

322

APPENDIX G:
SPIKE 2 SCRIPT FILE (CHAPTER TWO)

323

var RMSsbi,RMStri,RMSfbi;
var MFsbi,MFtri,MFfbi;
var Time1, Time2;
var N$,M$,M1$,M2$,M3$,M4$,M5$,M6$,M7$,P1$,P2$,P3$;'File variables’
var vh%;'data view handle
var ext%;'variable for where the extension of the filename starts
var PS1%,PS2%,PS3%; 'text window handle
var RMSsbi%,MFsbi%,time%,RMStri%,MFtri%,RMSfbi%,MFfbi%;
if Viewkind() <> 0 then
vh%:= FileOpen("",0,1,"select data file to open"); 'opens a data file
view(vh%);
Chanshow(-1);
if vh% < 0 then halt endif;
'stop if it is not a file
window(0,0,70,80);
'sets window positions
N$:=FileName$();
ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M1$:=N$ + "RMSsbi.txt";
RMSsbi%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMSsbi");
print("%s
","RMSsbi");

'sets variable N$ to the filename
'gets position where extension in file name starts
'deletes the extension
'adds extension to filename
'creates a new text file
'sets window positions
'gives the window a title

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M2$:=N$ + "MFsbi.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

MFsbi%:= Filenew(1,1);
window(70,0,100,40);
print("%s
","MF1sbi");

'creates a new text file
'sets window position

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M3$:=N$ + "time.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

Time%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("Time");
print("%s
","Time1");

'creates a new text file
'sets window positions
'gives the window a title
'prints headings in text window

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M4$:=N$ + "RMStri.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

RMStri%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMStri");
print("%s
","RMStri");
N$:=FileName$();
ext%:=Len(N$)-3;

'creates a new text file
'sets window positions
'gives the window a title
'sets variable N$ to the filename
'gets position where extension in file name starts
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N$:=DelStr$(N$,ext%,4);
M5$:=N$ + "MFtri.txt";

'deletes the extension
'adds extension to filename

MFtri%:= Filenew(1,1);
window(70,0,100,40);
print("%s
","MFtri");

'creates a new text file
'sets window position

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M6$:=N$ + "RMSfbi.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

RMSfbi%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMSfbi");
print("%s
","RMSfbi");

'creates a new text file
'sets window positions
'gives the window a title

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M7$:=N$ + "MFfbi.txt";
MFfbi%:= Filenew(1,1);
window(70,0,100,40);
print("%s
","MFfbi");

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename
'creates a new text file
'sets window position

endif;
View(vh%);
XRange(0, MaxTime());
FrontView(vh%);
cursorset(2);
View(vh%);
FrontView(vh%);
ChanProcessAdd(1,0);
ChanProcessAdd(1,1,0.0096);
Yrange(-1);
Optimise(-1);
View(vh%);
FrontView(vh%);
var Freq, Res, s1, s2;
Freq:=1/binsize(3);
Res:=(Freq/1024);
ft%();

'selects the data file view
'displays all data
'makes the data window visible
'adds cursors to the data window

'optimises all channel

'variables for x-axis resolution of power spectrum
'determines sampling rate based on the binsize

'call a function ft% to perform the analysis

Func ft%()
'the function ft% up until the end statement
var cn%;
'a variable to store the return value from the toolbar
View(vh%);
FrontView(vh%);
Toolbarset(1,"yes");
'creates toolbar button to start analysis
Toolbarset(2,"no");
'toolbar button for when you have finished analysis
Toolbarset(3,"Close Power Windows",shutdown%); 'close power spectrum
var j%, S$;
j%:= 1; 'variables j% to index (for saving power spectrum window data)
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View(vh%);
FrontView(vh%);
interact("set active cursor 1 to start of contraction and active cursor 2 to end of contraction ", 758);
View(vh%);
FrontView(vh%);
repeat

'repeat until you click on the 'no' button

View(vh%);
FrontView(vh%);
RMSsbi:=chanmeasure(4,11,cursor(1),cursor(2));
view(RMSsbi%);
print("\n %f
",RMSsbi);
View(vh%);
FrontView(vh%);
RMStri:=chanmeasure(7,11,cursor(1),cursor(2));
view(RMStri%);
print("\n %f
",RMStri);
View(vh%);
FrontView(vh%);
RMSfbi:=chanmeasure(2,11,cursor(1),cursor(2));
view(RMSfbi%);
print("\n %f
",RMSfbi);
view(vh%);
FrontView(vh%);
Time1:=(cursor(1));
Time2:=(cursor(2));
view(Time%);
print("\n %f

%f",Time1,Time2);

View(vh%);
FrontView(vh%);
PS1%:=SetPower(4,1024,2);
'sets up XY view for power spectrum
WindowVisible(1);
'makes the window visible
window(70,40,100,80);
'sets window position
Process(View(vh%).Cursor(1),View(vh%).Cursor(2),1,1);
cursorset (2,20/Res,500/Res);
'places cursors at 20 Hz & 500 Hz
View(PS1%);
MFsbi:=ChanMeasure(1,17,20,500);
View(PS1%);
S$:=Str$(j%);
'
P1$:=N$ + "PS1" + S$ + ".srf";
FileSaveAs(P1$);
FileClose(0,-1);
View(vh%);
FrontView(vh%);

'measures mean in X

S$ converts number "j%" into string to use in filename
'adds extension to filename
'saves power spectrum window

326

view(MFsbi%);
Print("\n %f
",MFsbi);
View(vh%);
FrontView(vh%);
PS2%:=SetPower(2,1024,2);
'sets up an XY view for power spectrum
WindowVisible(1);
'makes the window visible
window(70,40,100,80);
'sets window position
Process(View(-1).Cursor(1),View(-1).Cursor(2),1,1);
cursorset(2,20/Res,500/Res);
'places two cursors at 20 Hz & 500 Hz
View(PS2%);
MFfbi:=ChanMeasure(1,17,20,500);
View(PS2%);
S$:=Str$(j%);
P2$:=N$ + "PS2" + S$ + ".srf";
FileSaveAs(P2$);
FileClose(0,-1);
View(vh%);
FrontView(vh%);

'measures mean in X

'S$ converts number "j%" into string to use in filename
'adds extension to filename
'saves power spectrum window

view(MFfbi%);
Print("\n %f
",MFfbi);
View(vh%);
FrontView(vh%);
PS3%:=SetPower(7,1024,2);
'sets up an XY view for power spectrum
WindowVisible(1);
'makes the window visible
window(70,40,100,80);
'sets window position
Process(View(-1).Cursor(1),View(-1).Cursor(2),1,1);
cursorset(2,20/Res,500/Res);
'places two cursors at 20 Hz & 500 Hz
View(PS3%);
MFtri:=ChanMeasure(1,17,20,500);
View(PS3%);
S$:=Str$(j%);
P3$:=N$ + "PS3" + S$ + ".srf";
FileSaveAs(P3$);
FileClose(0,-1);
View(vh%);
FrontView(vh%);
view(MFtri%);
Print("\n %f

'measures mean in X

'S$ converts number "j%" into string to use in filename
'adds extension to filename
'saves power spectrum window

",MFtri);

View(vh%);
FrontView(vh%);
cn%:=Toolbar("Click no to end or yes to continue",60);
j%:=j%+1;
until cn%=2;

'asks the user if they want to continue?
'index value of "j" for the next loop
'if you click "no" on toolbar cn% = 2 loop stops

end;
View(RMSsbi%);
FileSaveAs(M1$);
View(MFsbi%);
FileSaveAs(M2$);
View(time%);

'end of ft% function
'switch to text file
'save text file
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FileSaveAs(M3$);
view(RMStri%);
FileSaveAs(M4$);
View(MFtri%);
FileSaveAs(M5$);
view(RMSfbi%);
FilesaveAs(M6$);
view(MFfbi%);
FileSaveAs(M7$);
Func Shutdown%();
View(PS1%);
FileClose(0,-1);
View(PS2%);
FileClose(0,-1);
view(PS3%);
return 1;
end;

'function to closes power spectrum windows
'selects first power spectrum window

'keeps toolbar active
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Var RMS1sbi,RMS2sbi,RMS3sbi,RMS4sbi,RMS1tri,RMS2tri,RMS3tri,RMS4tri,RMS1fbi,RMS2fbi,
RMS3fbi,RMS4fbi;
var Time,Time1,Time2,Time3,Time4;
var N$,M$,M1$,M2$,M3$,M4$;
'variables for naming files
var vh%;
'data view handle
var ext%;
'variable for where extension of filename starts
var RMSsbi%,time%,RMStri%,RMSfbi%;
var x1,x1a,x7,x8,X9;
var minv, minp,maxv,maxp;

if Viewkind() <> 0 then
vh%:= FileOpen("",0,1,"select data file to open");
view(vh%);
Chanshow(-1);
if vh% < 0 then halt endif;
window(0,0,70,80);

'if current is not a file
'lets you open a data file

'stop if it is not a file
'sets window positions

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M1$:=N$ + "RMSsbi.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

RMSsbi%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMSsbi");
print("%s
%s
%s

'creates a new text file
'sets window positions
'gives the window a title
%s","RMS1sbi","RMS2sbi","RMS3sbi","RMS4sbi");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M2$:=N$ + "time.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

Time%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("Time");
print("%s
%s

%s

%s

'creates a new text file
'sets window positions
'gives the window a title
","Time1","Time2","Time3","Time4");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M3$:=N$ + "RMStri.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

RMStri%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMStri");
print("%s
%s
%s

'creates a new text file
'sets window positions
'gives the window a title
%s","RMS1tri","RMS2tri","RMS3tri","RMS4tri");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M4$:=N$ + "RMSfbi.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename
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RMSfbi%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMSfbi");
print("%s
%s
%s

'creates a new text file
'sets window positions
'gives the window a title
%s","RMS1fbi","RMS2fbi","RMS3fbi","RMSf4fbi");

endif;
View(vh%);
XRange(0, MaxTime());
FrontView(vh%);
cursorset(9);
View(vh%);
FrontView(vh%);
ChanProcessAdd(1,0);
ChanProcessAdd(1,1,0.0096);
Yrange(-1);
Optimise(-1);

'selects the data file view
'displays all data
'makes the data window visible
'adds cursors to the data window

'optimises all channels

View(vh%);
FrontView(vh%);
ft%();
Func ft%()
var cn%;
View(vh%);
FrontView(vh%);
Toolbarset(1,"yes");
Toolbarset(2,"no");

'call a function ft% to perform the analysis
'the function ft% up until the end statement
'a variable to store return value from the toolbar

'creates a toolbar button to continue
'toolbar button to finish analysis

var j%, S$;
j%:= 1;

'variables j% to index each burst number

View(vh%);
FrontView(vh%);
cursor(1,3.0);
interact ("set active cursor(1) to start of contraction", 758);
View(vh%);
FrontView(vh%);
Interact ("move cursors for EMG measures", 758);
repeat

'repeat the following section until you click on the 'no'

x1:=cursor(1);
cursor(2,x1+0);
cursor(3,x1+0.25);
cursor(4,x1+0.125);
cursor(5,x1+0.375);
cursor(6,x1+0.25);
cursor(7,x1+0.5);
cursor(8,x1+0.375);
cursor(9,x1+0.625);
x9:=cursor(9);
View(vh%);
FrontView(vh%);
RMS1sbi:=chanmeasure(4,11,cursor(2),cursor(3));
RMS2sbi:=chanmeasure(4,11,cursor(4),cursor(5));
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RMS3sbi:=chanmeasure(4,11,cursor(6),cursor(7));
RMS4sbi:=chanmeasure(4,11,cursor(8),cursor(9));
view(RMSsbi%);
print("\n %f
%f

%f

%f",RMS1sbi,RMS2sbi,RMS3sbi,RMS4sbi);

View(vh%);
FrontView(vh%);
RMS1tri:=chanmeasure(7,11,cursor(2),cursor(3));
RMS2tri:=chanmeasure(7,11,cursor(4),cursor(5));
RMS3tri:=chanmeasure(7,11,cursor(6),cursor(7));
RMS4tri:=chanmeasure(7,11,cursor(8),cursor(9));
view(RMStri%);
print("\n %f
%f

%f

%f",RMS1tri,RMS2tri,RMS3tri,RMS4tri);

View(vh%);
FrontView(vh%);
RMS1fbi:=chanmeasure(2,11,cursor(2),cursor(3));
RMS2fbi:=chanmeasure(2,11,cursor(4),cursor(5));
RMS3fbi:=chanmeasure(2,11,cursor(6),cursor(7));
RMS4fbi:=chanmeasure(2,11,cursor(8),cursor(9));
view(RMSfbi%);
print("\n %f
%f

%f

%f",RMS1fbi,RMS2fbi,RMS3fbi,RMS4fbi);

%f

%f",Time1,Time2,Time3,Time4);

view(vh%);
FrontView(vh%);
Time1:=(cursor(2));
Time2:=(cursor(4));
Time3:=(cursor(6));
Time4:=(cursor(8));
view(Time%);
print("\n %f

%f

View(vh%);
FrontView(vh%);
cn%:=Toolbar("Click no to end or yes to continue",60);
j%:=j%+1;
until cn%=2;

'asks user if they want to continue?
'index value of "j" for the next loop
'if you click "no" on toolbar cn% = 2 loop stops

end;

'end of ft% function

View(RMSsbi%);
FileSaveAs(M1$);
View(time%);
FileSaveAs(M2$);
view(RMStri%);
FileSaveAs(M3$);
view(RMSfbi%);
FilesaveAs(M4$);
Func Shutdown%();
Fileclose(0,-1);
return 1;
end;

'switch to text file
'save text file

'function to closes power spectrum windows
'keeps toolbar active
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var RMS1sbi,RMS2sbi,RMS3sbi,RMS4sbi,RMS1tri,RMS2tri,RMS3tri,RMS4tri,RMS1fbi,RMS2fbi,RMS3fbi,
RMS4fbi;
Var Force1,Force2,Force3,Force4;
var RFD1,RFD2,RFD3,RFD4,RFD5,RFD6,RFD7,RFD8;
var Time,Time1,Time2,Time3,Time4;
var N$,M$,M1$,M2$,M3$,M4$,M5$,M6$;
var vh%;
'data view handle
var ext%;
'variable for where extension of filename starts
var RMSsbi%,time%,RMStri%,RMSfbi%,RFD%,Force%;
var x1,x9,x9a;
var minv, minp,maxv,maxp;
if Viewkind() <> 0 then
vh%:= FileOpen("",0,1,"select data file to open");
view(vh%);
Chanshow(-1);
if vh% < 0 then halt endif;
window(0,0,70,80);

'stop if it is not a file
'sets window positions

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M1$:=N$ + "RMSsbi.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

RMSsbi%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMSsbi");
print("%s
%s
%s

'creates a new text file
'sets window positions
'gives the window a title
%s","RMS1sbi","RMS2sbi","RMS3sbi","RMS4sbi");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M2$:=N$ + "time.txt";
Time%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("Time");
print("%s
%s

'if current is not a file
'lets you open a data file

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

%s

%s

'creates a new text file
'sets window positions
'gives the window a title
","Time1","Time2","Time3","Time4");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M3$:=N$ + "RMStri.txt";
RMStri%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("RMStri");
print("%s
%s
%s

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename
'creates a new text file
'sets window positions
'gives the window a title
%s","RMS1tri","RMS2tri","RMS3tri","RMS4tri");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M4$:=N$ + "RMSfbi.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

RMSfbi%:= Filenew(1,1);

'creates a new text file
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window(70,0,100,40);
Windowtitle$("RMSfbi");
print("%s
%s
%s

'sets window positions
'gives the window a title
%s","RMS1fbi","RMS2fbi","RMS3fbi","RMSf4fbi");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M5$:=N$ + "Force.txt";
Force%:= Filenew(1,1);
window(70,0,100,40);
Windowtitle$("Force");
print("%s
%s

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

%s

'creates a new text file
'sets window positions
'gives the window a title
%s","Force1","Force2","Force3","Force4");

N$:=FileName$();

'sets variable N$ to the filename

ext%:=Len(N$)-3;
N$:=DelStr$(N$,ext%,4);
M6$:=N$ + "RFD.txt";

'gets position where extension in file name starts
'deletes the extension
'adds extension to filename

RFD%:= Filenew(1,1);
'creates a new text file
window(70,0,100,40);
'sets window positions
Windowtitle$("RFD");
'gives the window a title
print("%s
%s
%s
%s
%s
%s
%s
%s","RFD1","RFD2","RFD3","RFD4","RFD5","RFD6","RFD7","RFD8");
endif;
View(vh%);
XRange(0, MaxTime());
FrontView(vh%);
cursorset(9);
View(vh%);
FrontView(vh%);
ChanProcessAdd(1,0);
ChanProcessAdd(1,1,0.0096);
Yrange(-1);
Optimise(-1);

'selects the data file view
'displays all data
'makes the data window visible
'adds cursors to the data window

'optimises all channels

View(vh%);
FrontView(vh%);
ft%();

'call a function ft% to perform the analysis

Func ft%()
var cn%;
View(vh%);
FrontView(vh%);
Toolbarset(1,"yes");
Toolbarset(2,"no");

'the function ft% up until the end statement
'variable to store return value from toolbar

'creates a toolbar button to continue
'toolbar button to finish analysis

var j%, S$;
j%:= 1;

'variables j% to index each burst number
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View(vh%);
FrontView(vh%);
interact ("begin RFD analysis",758);
cursor(1,2.9);
x1:=cursor(1);
cursor(2,x1+0.01);
cursor(3,x1+0.02);
cursor(4,x1+0.03);
cursor(5,x1+0.04);
cursor(6,x1+0.05);
cursor(7,x1+0.06);
cursor(8,x1+0.07);
cursor(9,x1+0.08);
x9a:=cursor(9);
RFD1:=chanmeasure(1,2,cursor(1),cursor(2));
RFD2:=chanmeasure(1,2,cursor(1),cursor(3));
RFD3:=chanmeasure(1,2,cursor(1),cursor(4));
RFD4:=chanmeasure(1,2,cursor(1),cursor(5));
RFD5:=chanmeasure(1,2,cursor(1),cursor(6));
RFD6:=chanmeasure(1,2,cursor(1),cursor(7));
RFD7:=chanmeasure(1,2,cursor(1),cursor(8));
RFD8:=chanmeasure(1,2,cursor(1),cursor(9));
view(RFD%);
print("\n %f
%f
RFD6,RFD7,RFD8);

%f

%f

%f

%f

%f

%f", RFD1,RFD2,RFD3,RFD4,RFD5,

%f

%f

%f", RFD1,RFD2,RFD3,RFD4,RFD5,

repeat
interact("move cursors?",758);
View(vh%);
FrontView(vh%);
cursor(2,x9a+0.01);
cursor(3,x9a+0.02);
cursor(4,x9a+0.03);
cursor(5,x9a+0.04);
cursor(6,x9a+0.05);
cursor(7,x9a+0.06);
cursor(8,x9a+0.07);
cursor(9,x9a+0.08);
x9a:=cursor(9);
RFD1:=chanmeasure(1,2,cursor(1),cursor(2));
RFD2:=chanmeasure(1,2,cursor(1),cursor(3));
RFD3:=chanmeasure(1,2,cursor(1),cursor(4));
RFD4:=chanmeasure(1,2,cursor(1),cursor(5));
RFD5:=chanmeasure(1,2,cursor(1),cursor(6));
RFD6:=chanmeasure(1,2,cursor(1),cursor(7));
RFD7:=chanmeasure(1,2,cursor(1),cursor(8));
RFD8:=chanmeasure(1,2,cursor(1),cursor(9));
view(RFD%);
print("\n %f
%f
RFD6,RFD7,RFD8);

%f

%f

%f
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cn%:=Toolbar("Click no to end RFD or yes to continue",60); 'asks user if they want to continue?
j%:=j%+1;
'index value of "j" for the next loop
until cn%=2;
'if you click "no" on toolbar cn% = 2 loop stops
View(vh%);
FrontView(vh%);
interact ("move cursors for scrolling mean EMG measures", 758);
cursor(1,3.0);
repeat

'repeat the following section until you click 'no'

x1:=cursor(1);
cursor(2,x1+0);
cursor(3,x1+0.25);
cursor(4,x1+0.125);
cursor(5,x1+0.375);
cursor(6,x1+0.25);
cursor(7,x1+0.5);
cursor(8,x1+0.375);
cursor(9,x1+0.625);
x9:=cursor(9);
View(vh%);
FrontView(vh%);
RMS1sbi:=chanmeasure(4,11,cursor(2),cursor(3));
RMS2sbi:=chanmeasure(4,11,cursor(4),cursor(5));
RMS3sbi:=chanmeasure(4,11,cursor(6),cursor(7));
RMS4sbi:=chanmeasure(4,11,cursor(8),cursor(9));
view(RMSsbi%);
print("\n %f
%f

%f

%f",RMS1sbi,RMS2sbi,RMS3sbi,RMS4sbi);

View(vh%);
FrontView(vh%);
RMS1tri:=chanmeasure(7,11,cursor(2),cursor(3));
RMS2tri:=chanmeasure(7,11,cursor(4),cursor(5));
RMS3tri:=chanmeasure(7,11,cursor(6),cursor(7));
RMS4tri:=chanmeasure(7,11,cursor(8),cursor(9));
view(RMStri%);
print("\n %f
%f

%f

%f",RMS1tri,RMS2tri,RMS3tri,RMS4tri);

View(vh%);
FrontView(vh%);
RMS1fbi:=chanmeasure(2,11,cursor(2),cursor(3));
RMS2fbi:=chanmeasure(2,11,cursor(4),cursor(5));
RMS3fbi:=chanmeasure(2,11,cursor(6),cursor(7));
RMS4fbi:=chanmeasure(2,11,cursor(8),cursor(9));
view(RMSfbi%);
print("\n %f
%f

%f

%f",RMS1fbi,RMS2fbi,RMS3fbi,RMS4fbi);

view(vh%);
FrontView(vh%);
Force1:=chanmeasure(1,2,cursor(2),cursor(3));
Force2:=chanmeasure(1,2,cursor(4),cursor(5));
Force3:=chanmeasure(1,2,cursor(6),cursor(7));
Force4:=chanmeasure(1,2,cursor(8),cursor(9));
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view(Force%);
print("\n %f

%f

%f

%f",Force1,Force2,Force3,Force4);

%f

%f",Time1,Time2,Time3,Time4);

view(vh%);
FrontView(vh%);
Time1:=(cursor(2));
Time2:=(cursor(4));
Time3:=(cursor(6));
Time4:=(cursor(8));
view(Time%);
print("\n %f

%f

View(vh%);
FrontView(vh%);
cursor(1,x9-0.125);
View(vh%);
FrontView(vh%);
cn%:=Toolbar("Click no to end or yes to continue",60);
j%:=j%+1;
until cn%=2;

'asks the user if they want to continue?
'index value of "j" for the next loop
'if you click "no" on toolbar cn% = 2 loop stops

end;

'end of ft% function

View(RMSsbi%);
FileSaveAs(M1$);
View(time%);
FileSaveAs(M2$);
view(RMStri%);
FileSaveAs(M3$);
view(RMSfbi%);
FileSaveAs(M4$);
view(Force%);
FileSaveAs(M5$);
view(RFD%);
FileSaveAs(M6$);
Func Shutdown%();
Fileclose(0,-1);
return 1;
end;

'switch to text file
'save text file

'keeps toolbar active
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